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Abstract
Since increasingly more complex RIM molds are being used 
in industry, the goal of this research is to develop a model 
which can be used to predict the dynamic filling front, hot 
spots, and air entrapment in molds.
In this research a method to simulate the RIM process by 
considering both the filling and curing stages in variously 
shaped molds for unsteady state three dimensional state cases 
was developed. This model can be used to predict not only 
the temperature and conversion changes with time but also the 
front position changing as a function time. Using given 
physical and chemical properties of the RIM system, 
moldability can be determined in advance.
The numerical techniques used in this research include 
adaptation of the SIMPLE algorithm developed by Patankar for 
a moving front, two phase system with non negligible inertial 
effects, and exothermic chemical reaction. This program is 
designed to be as general as possible. It was developed with 
the option of using a linear combination of previous and 
current time step values. The Crank-Nicholson method and 
multi-dimensional Tri-diagonal matrix algorithm were chosen 
to deal with the finite difference algebraic equations. 
Although this research only addresses the isothermal mold 
wall cases, the program does have the capability to deal with 
isothermal, adiabatic, or anywhere in between.
xi
The capability of the program is verified by comparison 
of the simulation results and experimental data. in 




Many engineering plastics products are made by the 
thermal injection molding (TIM) process. In this process a 
high viscosity molten material is injected into and cools in 
a mold. When the material develops surface dimensional 
stability, it is ejected from the mold to form a product. 
The dimensional stability is that the part holds its shape 
under the influence of gravity as it cools down (1). There 
are two major disadvantages of this process:
1) a very high pressure is needed for this process due to the 
high viscosity of the melt.
2) a high energy level is required for this process because 
the material must be kept in the molten state while it 
enters the mold.
In the early 1970's, the Reaction Injection Molding 
(RIM) Process was developed to overcome these disadvantages 
of the TIM.
1■1 Reaction Injection Molding Processing
Reaction Injection Molding (RIM) is a process which 
mixes two low viscosity, highly reactive chemical components, 
together with catalyst and other additives. Then the mixture 
is injected into a mold in which the mixture polymerizes and 
solidifies to form a part. When the part has cured, it is
1
2ejected from the mold and then the whole process is repeated 
again. The whole process is shown schematically in Figure 
1-1 <1 ) -
Because monomers and low molecular weight polymers are 
used in RIM, the viscosity of the reactant is low. By using 
low viscosity components, a large part can be produced with 
relatively low injection pressures. In addition, the lower 
viscosity allows a reinforced part to be produced, since the 
liquid can more easily encapsulate the reinforcement than 
during TIM. Furthermore, the temperature required for RIM is 
potential lower than that required to inject molten material 
in TIM. These economic factors cause the total cost for the 
production of large parts via the RIM process to be much 
lower than other fabrication processes (2,3).
In addition, product mechanical property variability is 
developing as a result of new combination of chemicals. 
Therefore, RIM technology is becoming increasingly applied in 
industry, especially in the automobile industry. From 1975 
to 1986, the total RIM market has grown from 5 million lb/yr 
to 160 million lb/yr (4) . Also, due to new applications, the 
non-automobile industry now shows significant increases 
(2,5). Polyurethane and polyurea are two major products in 
the RIM industry.
However, some disadvantages of RIM versus TIM also 
result from its low injection viscosity characteristics. For 






Figure 1.1 RIM Processing
4mold filling process for lower viscosity systems which cause 
defects in the part. In addition, mold release is a major 
problem for the RIM process since low viscosity liquids tend 
to penetrate the metal mold surface and adhere strongly to 
the metal. in order to prevent this phenomenon, internal and 
external mold release techniques are used. An internal mold 
release component is injected into the mold with the chemical 
reactants. During and after filling the mold, the internal 
mold release agent can exude to the surface and then assist 
mold release. The external mold release approach involves 
manually spraying the agent on to the mold. When using an 
external mold release, a spray is generally required after 
the production of each part {1). For internal mold release, 
one manual spray is needed for every 20 to 100 moldings (1). 
Also, because of the fast reaction a large temperature 
gradient is generated in a very short period of time due to 
the poor conductivity of the polymer mixture. Therefore, the 
material used in RIM requires a fairly wide temperature 
stability (6).
As a result of the above mentioned considerations, the 
general criteria for RIM systems are as follows. First, the 
reaction rates must be controlled to avoid premature gelling 
(i.e. phase separation occurs and the fluid solidifies) and 
formation of undesired by-products from side reactions. It 
is also important that the mixture does not solidify before 
the mixture fills the entire mold, since premature gelation
causes a short shot (production of incomplete part). Also, 
the initial viscosity of the monomer must be low in order to 
achieve good mixing. However, the viscosity needs to 
increase to a reasonable value during filling to prevent 
bubbles. In order to keep the demold time short, the 
material must react and quickly develop dimensional 
stability. In addition, the product must release from the 
mold easily without damaging the product. Furthermore, 
stability of the components in the storage tank must be 
reasonable due to the addition and condensation reactions of 
isocyanates (7) . The stability of these components during 
storage can be determined by noting changes in viscosity (8).
Therefore, the ideal chemical system for use in the RIM 
process is two monomers that are quickly well mixed to form 
a homogeneous mixture and then react immediately after the 
mold is completely filled. In order to approach this ideal 
system, the proper chemical system must be found and the 
operating conditions for the process optimized. The purpose 
of the present work is to develop and demonstrate a technique 
that will determine the optimum operating conditions for 
typical RIM reactants, and predict the flow, heat transfer, 
and reaction phenomena occurring in arbitrarily complex 
molds.
The flow phenomena during the process are greatly 
dependent on the fluid viscosity. However, the fluid 
viscosity in the RIM process is related to the temperature
and the extent of the reaction. Because of this, a RIM flow 
model is needed for prediction of the filling and curing 
stages. Also, because of the large-part potential of the RIM 
process, much more complicated molds are being adopted in the 
industries. Therefore, a model which can predict the filling 
and curing stages in various shape molds is extremely 
desirable.
In order to understand clearly the flow, heat transfer, 
and reaction phenomena occurring during filling of a variety 
of mold shapes, a fully three dimensional model is necessary 
and has been developed in this study. This model can be used 
to predict the flow, temperature, and conversion in 
irregularly shaped molds. It also can be used to predict 
the shape of the moving filling front. Using the fundamental 
physical and chemical properties of the reactants system, 
prediction of RIM moldability can be made. In this manner, 
the process can be optimized leading to enhanced control of 
the process. The products which are manufactured from 
optimized/well-controlled molds should have improved quality, 
low rejection rates, and reduced post-molding processing. 
This model could also be integrated with a comprehensive 
Computer Aided Design/Computer Aided Manufacturing (CAD/CAM) 
package to form a RIM mold design package. Thus, the 
mechanical properties of the molded part can be predicted by 
combining this flow model and an engineering analysis 
package.
7The need for modeling tools capable of optimizing RIM 
performance has long been recognized. There are major 
differences, however, between this model and those previously 
advanced. This model is able to predict the flow phenomena 
in a mold which has irregular shapes occurring in two large 
dimensions, lateral and axial directions, and it also can 
describe a curved moving front changing with time in a three 
dimensional geometry. When none of the dimensions of the 
mold is small, a fully three dimensional model as developed 
here is necessary due to complexities in the flow pattern 
occurring in the mold. In addition, hot spot {zones where 
maximum temperature criteria may be exceeded) and air 
entrapment in various shape molds can be predicted by using 
this model. The other models generally do not have these 
capabilities.
1.2 Process Chemistry
Approximately 96% of the RIM products are polyurethanes 
and this is concentrated in the automobile industry (4,9). 
Thus, the urethane reaction is the main concern of this 
research.
The polymerization reaction of isocyanates and polyols 
to produce urethanes is shown below (1,10,11):
R -NCO+ HO- R '■- R - NH- COOR' 
where R and R' are non-reacting organic groups
8The reaction of isocyanates and polyols result in the 
creation of block copolymers. The sequence of diisocyanate 
and chain extender (low molecular weight diol) is called a 
hard segment because it usually has a high glass transition 
temperature or high melting temperature. This segment's 
length is very important, since it controls the final 
product's modulus and the viscosity change during 
polymerization. Material with a higher hard segment content 
generally has a higher impact energy (12) . The advantages of 
block copolymers are that the soft blocks provide the 
flexibility due to their low glass temperature transition and 
the hard segments can act as pseudo-crosslinks and as 
reinforcing filler (13).
Phase separation is caused by the difference in the 
solubility between the hard and soft blocks. Increasing the 
hard segment length results in an elevation of the softening 
temperature and phase mixing. The schematic for phase 
separation in polyurethane segmented block copolymer is shown 
in Figure 1.2 (1,14).
If the polymerization rate is lower than the phase 
separation rate, a low molecular weight, brittle final 
product will be obtained because hard blocks of the polymer 
can come out of solution, trapping monomers and oligmers. On 
the other hand, if the polymerization rate is higher than the 
phase separation rate, a high molecular weight product can be 
obtained (1,15). Generally, increasing the polyol molecular
9Figure 1
D ! I S O C ’'.iNAre
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2 Schematic for Phase Separation in
Polyureathane Segmented Block Polymer (1)
10
weight increases phase incompatibility (16). The advantage 
of the phase incompatibility of isocyanate and polymer groups 
is that various mechanical properties can be obtained by 
controlling the phase compatibility, such as flexibility. 
Oligomers
A variety of oligomers are used in the polyurethane 
elastomers as soft segments. The common oligomers used in 
the process are polyols. They have mean molecular weights in 
the range of 1000-7000 (4). The structure of an oligomer is 
given below.
Chain Extender
Generally, a lower molecular weight diol is added as a 
chain extender. The main chain extender used in RIM is an 
80-20 mixture of the 2, 4 and 2, 6 diamine isomers of 3, 5 





DETDA has a rigid and bulky structure and this 
contributes to higher modulus values and softening 
temperatures.
11
The major isocyanate used in RIM is 4, 4'
diphenylmethane diisocyanate (MDI). MDI has a structure as 
shown below.
OCN- ©  - CH2 - ©  - NCO
Catalyst
The most effective catalyst for isocyanate-hydroxyl RIM 
formulation is a mixture of tertiary amine and tin. The 
addition of catalyst can allow polymerization to result in a 
high molecular weight product at lower temperatures and 
accelerated reaction rates. The other important additives 
used in RIM are reinforcing fibers, blowing agents, and 
internal mold release agents.
1.3 Process Rheoloav (1,4)
For the RIM process, viscosity is both a function of 
temperature and conversion. Because monomers and low 
molecular weight polymers are used in RIM, the viscosity of 
the feed reactants are low. This leads the mixture to behave 
as a newtonian fluid. Castro, Macosko, and Perry had shown 
that shear has no effect on viscosity until the conversion 
reaches the gel point's value (17). Also because of the low 
viscosity of the reactants, the Reynolds number in this 
process is moderate to large. Thus, the inertial effects in 
the mold are non-negligible.
12
This reaction is very highly exothermic, but the 
viscosity increases in the flowing system because of chain 
growth and phase separation. In polyurethane systems, the 
viscosity increases slowly in the beginning, then, rapidly as 
the reaction progresses. After the mixture reaches its gel 
point, the viscosity increase slows down again. At this 
point, phase separation and solidification occur. For a 
desirable RIM product, the reacting polymer should fill the 
mold before the gel point occurs in order to avoid defects 
such as cavity formation.
The temperature rise due to heat generation for RIM 
processes tends to decrease the viscosity but phase 
separation and chemical reaction tend to increase it. In 
most cases, significant viscosity changes occur during the 
mold filling stage. Therefore, it is important to have a 
dynamic mold filling model in order to predict the viscosity 
changes during the process.
1.4 Morphology
Fridman and Thomas revealed the relationship between the 
process conditions and the morphology of a polyester based 
segmented thermoplastic polyurethane (18). They found the 
highest hard segment fraction was in the center of the mold. 
The fraction decreased closer to the surface of the mold. 
That is because of the poor thermal conductivity of the 
polymer mixture. The soft segments were distributed in the
13
opposite manner. Since the center of the mold i3 nearly 
adiabatic due to the typically low thermal conductivity of 
RIM materials, a peak temperature can be predicted to occur 
in that position. This temperature should be well above the 
melting temperature of the soft segment (55 C) and between 
the glass transition temperature (125 C) and the melting 
temperature (200 C) of the hard segments, Therefore, hard 
segments readily form in the center of the mold. Since the 
mold temperatures used are generally lower than the hard 
segment glass transition temperature, soft segments are 
favored to form near the mold wall. Enhanced soft segments 
on the surface can lessen the probability of cracking.
Usually, higher rigidity products corresponds to higher 
molecular weight material. Higher temperatures would
increase the reaction rate and produce higher molecular
weight material. The block copolymer phases become more
compatible at higher temperature, because flexibility is a 
key feature of phase separation and phase separation rate is 
dependent on the temperature. Thus structurally, the phase 
separation kinetics are slow at high temperature.
1.5 Influence of Processing Conditions on Properties
The stability of parts produced by RIM depends on both 
the chosen chemical system and processing variables. That is 
proper material selection, processing conditions, gate
location, post cure temperature and time, and part handling
14
after molding. All are important. The moldability of a 
specific polymer system in a specific mold can be determined 
by these factors. This was demonstrated previously by using 
a specific mold (19). How these factors affect the product 
properties is discussed below.
a) Reactants' Ratio : Proper metering of reactants is 
the usual criterion to control molecular weight (14,20) . The 
higher the isocyanate content, the higher the molecular 
weight of the material produced (1) . Conversely, low 
isocyanate content results in products with higher 
elasticity. Thus, the elongation at break can be reduced by 
decreasing the isocyanate percentage and resultant lower 
cross-linking (21).
b) Mixing : Primary mixing in the RIM process is 
generally via injecting the metered monomers as impinging 
jets prior to passage into the mold. Polymerization starts 
immediately at the moment of impingement. The mixing process 
controls not only the molecular weight of a product but also 
the degree of phase separation (4,14). One study suggests 
better phase separation will occur at lower Reynolds numbers 
for the impinging jets (22) . Another research group's 
results also showed that the high Reynolds numbers of flow in 
the jets lead to decreasing the mixing scale (23). 
Incomplete mixing on the macroscopic scale leads to 
incomplete reaction, and probably brittleness of the part.
c) Filling Velocity : Excessively high filling
velocities will cause air entrapment leading to the formation 
of large bubbles in the mold. On the other hand, if the 
filling velocity is too slow, the mixture may gel before the 
fluid fills the mold. The optimum Reynolds Number in the 
mold based on mold height (generally the smallest mold 
dimension) for RIM process is reported to be between 10 to 
100 (1) . Thus, the inertial effects in the mold are non-
negligible. The mixing of these monomers is also dependent 
on Reynolds number. Therefore, low filling velocities result 
in low Reynolds numbers and this could cause poor mixing and 
defects in the final product.
d) Thickness of the Mold : Most reactions used in RIM
are exothermic and have a high reaction rate, hence a large 
temperature gradient occurs in the mold. Therefore, thicker 
parts may have larger temperature gradients, lower modulus, 
and severe morphological gradients (1,24). However, a 
thinner mold would be much more easily affected by the wall.
Also, the pressure required to fill the mold is much larger
for a thin mold.
e) Mold Temperature Mold temperature is a very 
important factor because of its effect on the reaction rate 
and possible related brittleness particularly in polyurea 
systems. At lower mold temperatures the parts are more 
brittle and have poor surface quality. On the other hand, 
high mold temperatures or long times in the mold will favor
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more complete reaction giving higher molecular weights and 
tougher polymers (18) . However, if too high a mold 
temperature is used, undesired side reactions or degradation 
may result. Texaco is developing a new low mold temperature 
(LMT) system, in which the toughness is maintained even at a 
demold temperature of 75 C (25) .
f) Curing : During the curing stage, mold temperature is 
the key parameter. Elevated mold temperatures usually cause 
more part shrinkage (1) . That is because density is not 
uniform in the entire mold at the end of the filling stage. 
It usually decreases 10 percent from the gate to the end of 
the mold (1). A steeper density gradient is observed in the 
hotter mold. This phenomena causes early gelling, high 
density on the front, and higher pressure.
g) Post Cure : This stage also affects the final product 
properties because it can improve the toughness of the final 
product. This results from enhancing the degree of 
polymerization of reactants.
h) Catalyst Addition : Addition of a catalyst usually 
improves the reaction rate with respect to phase separation 
rate (19). Therefore, the demold time can be reduced.
i) Additional Effects : The other major effects on the 
final product properties are cross-linking density, and hard 
segment type.
All the process variables used in RIM are coupled to 
each other. Therefore, all the factors must be considered to
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predict the best operating conditions. Properly combining 
all the process steps will result in parts with excellent and 
very reproducible properties. Therefore, it is very
attractive to have a model which can be used to find the 
optimum operation conditions.
Chapter 2 
A Survey of RIM Models
Mathematical models can be used as an experimental tool 
to determine the effect of process changes and so derive
optimum processing conditions. Thus, this procedure will 
help in avoiding production of excessive waste material in 
practical plant operation, and therefore minimizing the cost.
The following general assumptions are made for most of 
the RIM models discussed in this chapter. However, some of 
these assumptions are not made for the model developed in 
this research.
1) The mixture is homogenous and well-mixed when it enters 
the mold.
2) The mixture of the reactants is assumed to be at zero 
conversion before it enters the mold.
3) The flow is assumed to be laminar.
4) Because the thickness of the mold is much smaller than 
the width, the mold is generally assumed infinite in the 
lateral direction. This assumption simplifies the case 
into a two dimensional problem.
5) The reactants have both constant density and thermal 
properties during the filling and curing stages.
6) Second order reaction kinetics with respect to isocyanate 
concentration are assumed.
7) Molecular diffusion and gravity effects are neglected.
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2.1 : Tadmor and Goaos Model
The Tadmor and Gogos Model (1976) is one of the first 
generation models which was used to predict the filling stage 
in the RIM process (26) . The extent of reaction and heat 
transfer were considered in the axial direction only. 
Uniform properties were assumed in the vertical direction. 
These assumptions are not appropriate since an appreciable 
temperature and reaction gradient also exist in the vertical 
direction during both the filling and curing stages in the 
RIM process.
This model only considered momentum transfer in the 
vertical direction. At the front, the velocity gradient was 
neglected in the axial direction. The assumptions in this 
model do not easily permit consideration of fountain flow 
effects. This results from the fact that the location of 
each element of the fluid was not accounted for when it moves 
toward the moving front.
Furthermore, this model cannot be used to calculate 
pressure, because the pressure was assumed constant 
throughout the mold during filling. Therefore, it failed to 
consider the large pressure differences during filling of the 
mold.
The assumptions made for the energy equations were no 
convection in the vertical direction and conduction in the 
axial direction. The assumptions for the convection term 
were not satisfied on the front. However, the conduction
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assumption was reasonable due to the associated Peclet 
number.
In this model an assumption was made that the reaction 
kinetics were second order in isocyanate concentration as was 
apparently correct and was also made in other RIM models. 
The diffusion term is ignored and it was proven to be a good 
assumption later. The other assumptions used in the Tadmor 
and Gogos model include no fountain flow near the front and 
the fluid was non-newtonian with the viscosity as a function 
of temperature, shear rate, and mean molecular weight of the 
reactants.
2.2 : Manzione Model
The basic assumptions in the Manzione Model (1961) are 
similar to those of the Tadmor and Gogos model, except that 
this model has the added consideration of the fountain flow 
effect at the front (27) . As a result implementation is 
rather different than for the Tadmor and Gogos model. The 
mold cavity considered had a relatively simple geometric 
cross section. This model was solved by explicit finite 
difference method called the simplified marker and cell 
(SMAC) method which can handle free surface flow. This 
research report was the first one to use the SMAC method for 
reactive fluids (27).
The method used in this model did not separate the flow 
into a main flow and front regions as in later models. It
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did consider both the convection and diffusion terms in the 
species equation. Nevertheless, in this model only the axial 
velocity was calculated from the momentum equation and the 
continuity equation was used to calculate the vertical 
velocity. Thus, this model did provide information about the 
velocity in both the axial and vertical directions. It also 
assumed the mixture was a newtonian fluid with viscosity as 
a function of temperature and the extent of reaction only. 
The convection term in the energy equation was considered in 
the axial direction and conduction was considered both in the 
vertical and axial directions. A neglect of convection in 
the vertical direction affects the properties in the 
neighborhood of the flow front.
2.3 : Castro and Macosko Model
The Castro and MacosJco Model (1982) was developed for 
the prediction of velocity, pressure rise, temperature change 
and the extent of reaction during the filling stage both in 
the axial and vertical directions in the RIM process (28). 
An explicit finite difference method was used to solve the 
energy and mass balance equations. The velocity in the front 
region was calculated by an analytical method. The major 
difference in overall capability of this model compared to 
the above models is that it can be used to calculate the 
pressure rise.
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The flow considered was separated into two regions: main 
flow region and front region. The main flow region assumed 
an unidirectional parabolic flow. The fountain flow region 
assumed a flat front in the vertical direction. Length of 
the front region was assumed to be equal to one mold 
thickness.
The flow was considered newtonian and the viscosity a 
function of temperature and conversion only. Castro, 
Macosko, and Perry had shown that shear has no effect on 
viscosity until the conversion reaches the gel point's value 
(17). The viscosity equation used is shown below:
where fg is the gel point of the material
The values for Ap, E^ , fg, A, and B are determined by 
experiments and these values are different from system to 
system.
It was assumed that the value, H Re/2L which is the 
coefficient of the time dependent term in the dimensionless 
equation, is very small for most RIM systems (Re - PUtH/2L) . 
Therefore, a quasi-steady state assumption was made for the 
momentum equation. Thus, the momentum equation for the main 
flow region can be written as:
dx* dy* dy*
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The species concentration equation reduces to:
df -u* J j L  =g K* (1 -f) 2
<3t* dx'
where G is the gelling number and K* i3 the dimensionless 
reaction rate.






where is the kinetic rate constant evaluated at
temperature T^ .
The energy balance equation was shown as:
dt* Bx* dy*2 Gt By*
In most RXM systems, the Brinkman number is much smaller 
than the Graetz number. Therefore, this model omitted the 
viscous dissipation term in the energy equation.
The assumptions for the front region are:
1) The fluid had a flat front and the contact angle assumed 
equal to 90 degrees.
2) It was assumed that there was no slip at the wall except 
at the moving contact line.
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3) The inertia terms were neglected.
4) A quasi-steady state assumption was made for the momentum 
equation.
The momentum equations for the front region are:
3* dx2 dy2
dy dx2 dy2
The continuity equation was shown as:
S i  sp-°
The energy and the species equations were shown as:
dt* [t dxtc ay* L dy*2 XJ* d x \\ L
dt* tt dx* ff dy * L




The pressure was determined by integration of the wall 
stress associated with the assumed quadratic velocity profile 
along the length of the main flow region. The model showed 
good agreement with experimental data.
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2.4 : Lskakou and Richardson Model
The assumptions for Lekakou and Richardson Model (1986) 
are basically the same as those in the 1982 Castro and 
Macosko model, but it overcomes some limitations of the 
Castro and Macosko model (29) . However, it kept the flat and 
vertical front assumption. Three 2 dimensional mold 
geometries were considered: rectangular, cylindrical, and
disc shape. The appropriate equations were solved in a 
Lagrangian framework with a coordinate system that moved with 
the velocities of the filling front.
The fluid was assumed to be a newtonian type flow and
had the same type viscosity correlation as that used by
Castro and Macosko.
The flow was divided into two regions: main flow and
front regions. In the main flow region, only axial velocity
and vertical conduction were considered. The momentum and 
energy equations had the following form.
P < +V-£/U-UwVu)
pcvtjl + v- err- u*vr) = xv* r+ p < -|h >2+pDHkQe (1 - jo 2
where U-[u,v,0]T, u,, was the mesh velocity, and t was the
stress tensor
The continuity equation was given as:
V U =  0
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A no diffusion assumption was made in the species 
equation. The species concentration equation was described 
as :
-|^ + V- UX~ UHVX= ka e ' B/*°TC0 [1-x]2
Front was moving uniformly at the filling rate . The 
axial and vertical velocities in the front region were 
calculated in order to determine the fountain flow. The 
vorticity transport equation was used instead of the momentum 
equation in order to avoid the iterative evaluation of the 
pressure at the front. The form of the vorticity equation 
was as follows.
p ( +  V- Uu>) = V- ( iaVg> )
For a rectangular cavity, w is defined by:
 dv du
dx dy
The momentum equation and continuity equation were 
combined and solved in terms of the stream function. The 
velocities both in the axial and vertical directions were 
calculated from the stream function.
A finite difference method applying a moving, changing 
mesh and Semi-Implicit Method for Pressure Linked Equation 
Revised (SIMPLER) Algorithm was used (30). The calculation 
grids was refined as the reactants filled the mold. The main 
flow grid started with one control volume. The number of
control volumes grew as the front moves. The width of the 
control volume was dependent on the change in position of the 
front. Finer grids were allowed in the front area which can 
provide more accurate solutions with less computation time in 
the area with larger gradients.
2.5 : LSU Model f2-D)
This work was done by Fred J. Perrett (1988) at LSU as 
an extension of Castro's and Lekakou's models (4) . The basic 
assumptions were similar to that of Castro and Macosko but 
the assumption of a flat front was relaxed. A numerical 
method similar to that of Lekakou and Richardson was employed 
but without arbitrary separation of the flow into front and 
filling regions. This is a two dimensional RIM model which 
can solve for both filling and curing stages. Numerical 
technique used in this model was described by Patankar (30) . 
Governing equations used in this model were given below. 
Momentum equation 
in x direction
dt* dx* dy* dx* dx* * dx* dy* ** dy* 
in y direction
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and the viscosity had the same formulas as used in Castro and 
Macosko's Model.
Energy Equation
d t * dx* dy * dx* dx* dy* dy’
*  B r < f f / 2 ) 2 f _ d u _ ^  2 +  g k .  ( i - o  2 
GZL 2 dy*
where T* - (T-T )/AT ,, t* - t . u /L, C* - C/Co la in o
r t - G/1 (H/2) v l *
Chemical Species Equation
-££l+ u * J!£L + V'I£L=ok* (1-C*)! 
dt* dx* dy*
In order to determine the moving front shape, the force
balance on the front was considered. In an effort to
determine the maximum potential curvature of the filling
front, surface tension and gravity effect were neglected.
The force balance equation was depicted as below.
The Normal stress equation was
dV
<P-PJ -2^(-5-2) =0 
1 dn
The tangential Stress Equation was
dV dv„
'li~5c *~Sn )'°
The major contributions of this model are:
1) The flow was calculated in one domain without separation 
into a frontal region and a main flow region. And, the
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fountain flow effect was calculated using a very fine 
grid in the front region,
2) The velocity components in the axial and vertical 
directions were calculated as a function of different 
entrance conditions.
3) The flow was calculated in the Lagrangian framework which 
means the velocity at the front was equal to zero.
The results indicated that the front shape was not 
sensitive to the force balance on the free surface, although 
an assumption was made for a nonflat flow front. The 
disadvantage of this model was that it can only handle 
regularly shaped molds. For example, the program can not be 
used to deal with a Z shape mold. Therefore, it could not be 
applied to much more complex and realistic molds. In this 
work, the basic framework of the Perret model was reactant 




The main goal of this research is not only to continue 
to develop the LSU model into a three dimensional domain but 
also to use a dynamic front assumption. The importance of 
the dynamic filling front is that knit line and air 
entrapment problems can be predicted in advance. This model 
could be used to predict the temperature and conversion 
change in irregularly shaped molds. It could also be used 
to decide how the moving front shape changes with time during 
processing. Therefore, this model can be used to predict not 
only the air entrapment and the knit line problems, but also 
the hot spot problem occurring both during the filling and 
curing stages. Thus, much more information about the 
moldability can be provided by using this model.
In this model, the front shape is not assumed to be flat 
and the fluid is not separated into the main flow and 
fountain flow regions. This three dimensional model is 
developed as general as possible in order to simulate the 
free boundary in various arbitrary mold shapes. This model 
is a combination and extension of the models discussed in 
Chapter 2.
In order to make the analysis more convenient, the RIM 
process is divided into two stages: filling and curing. The 
mixing and filling processes are combined together to form
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the filling stage. The mixing in impingement mixer is not 
considered in the model. Before the fluid fills the whole 
mold, the process is considered to be in the filling stage. 
In this stage, the momentum, energy, and reaction equations 
need to be considered at the same time. Upon filling the 
mold, the momentum equation is no longer solved. During this 
curing stage, only reaction and heat transfer need to be 
considered. The assumptions and the procedures of the model 
are discussed below.
3.1 Mold Assumptions
Using the definition of Reynolds number as depicted in 
Appendix A and the Castro and Macosko's mold which has a 
thickness of 3.2mm and the mixture viscosity is 0.6 Pa S, the 
actual Reynolds number is approximately equal to 3. Thus, 
the fluid is assumed to be in laminar flow. The presence of 
turbulence during the filling process will result in an 
inhomogeneous final product due to the occurrence of air 
bubbles.
The velocity profile at the entrance is assumed to be 
initially flat. Subsequently, the fluid is allowed to 
arbitrarily develop and form a front shape by using a slip at 
wall assumption for the fluid.
Also, in order to determine the front shape, the 
momentum equation is assumed to be quasi-steady state which 
means the acceleration is neglected. That is because the
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unsteady state effects are small compared to the duration of 
the total process. This results from large characteristic 
dimensions used. Thus, this assumption is appropriate for 
the RIM 3y3tem when the mixture nears the gel point. 
Estimation of the order of magnitude of the transient term 
which will be discussed in the program sensitivity section 
does not indicate a significant error when this term is 
omitted.
The initial density and final cured density for a semi­
rigid RIM product {i.e. modulus between 20,500 and 80,000 
psi) are around 0.85 and 1.01 g/cm3. Because of volumetric 
decreases 14 percent for this type RIM product {8) , a 
constant density assumption during filling can be made to 
simplify the problem. The viscosity is assumed to be 
affected only by temperature and conversion.
The assumption of constant thermal properties is valid 
generally because the thermo-setting materials are amorphous 
within the temperature range used. Furthermore, the heat of 
reaction can be assumed to be constant based on the type of 
chemical reactions chosen.
The diffusion terms are much smaller than the reaction 
terms in the equation (at 47 c, the diffusion coefficient is 
less than 10'7 cm3/sec). For a typical filling velocity, 20- 
200 cm/sec, gives the mass transfer Peclet number 10 to 200 
based on the thickness of the channel (4) . Molecular 
diffusion can therefore be neglected (31).
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Also, the fluid is assumed to be well mixed before it 
enters the mold and the mixture has zero conversion at the 
entrance of the mold. After the mixture is injected into the 
mold, it begins to react. This zero conversion and well 
mixed fluid assumptions at the entrance of the mold are 
reasonable since the mixing time for these two monomers is 
very short and very high impingement pressure is used in the 
mix head. The ratio of the mixing time and filling time is 
around 1 to 20 {8) . Therefore, the mixture should be a very 
homogenous system. The assumption of zero conversion in the 
inlet can be relaxed if the residence time in the mixer is 
known. In summary, the following assumptions are taken for 
governing equations:
Momentum Equation assumptions are:
a) it is at quasi-steady state.
b) It is a laminar flow.
c) The fluid has constant density.
d) Constant volumetric flow rate is assumed.
e) Inlet velocity is uniform.
f) Gravitational effect is considered.
g) Viscosity is related to temperature and conversion only. 
Energy Equation assumptions are:
a) The system is in an unsteady state condition.
b) Conduction and convection terms in all directions are 
considered.
c) Constant thermal properties are assumed.
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d) Because of the exothermic reaction, a heat of reaction 
source term is considered.
Reaction Equation assumptions are:
a) It is in an unsteady state condition.
b) A homogeneous, wel1 mixed system is assumed for 1iquid 
area at t*0.
c) Second order kinetics are assumed and the coefficient of 
the kinetics equation is given by an Arrenius type
expression (28),
K-K0Exp(- X )
d) The reactants are assumed completely mixed upon entrance 
to the mold.
e) The mass diffusivity equals zero for whole calculation 
area.
f) A source term due to the reaction is added.
Calculation Assumptions are:
a) The calculation area is always rectangular, but the fluid 
front shape could be curved due to the solving method.
b) The calculation boundary temperature is maintained the 
same as that of the fluid free surface. This will prevent 
heat loss through the interface of the air and liquid 
phases. Thus, a no flux assumption is achieved for the 
fluid free surface.
c) Conductivity in the air and solid region is 1000 times 
larger than that in the liquid area.
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3.2 Governing Equations
Based upon the above assumptions, the governing
equations can be simplified as (32):
Momentum Equation 
in x direction
, du du du i dP , d2u d2u d*u
p  ( u - t —  +  + U  ( — —  + -i— ii + -i-i± ) + p g ,
dx dy dz dx p ax1 dy2 dz2
in y direction
p (u * v-lr ♦ ) =. _§£ * „ ( „ & v ,
dx dy dz dy dx2 dy2 dz2
and in z direction
« dwv _ df> , , d2 v d2^  d2^ .P ( U  -*—  + V~x—  + V/—r—  ) = - -X—  + li ( ----  + —  + ----  )
dx dy dz dz dx2 dy2 dz2
These momentum equations are solved at the same time for 
all three directions. The viscosity dependence used in the 
momentum equations was assumed to be the Arrenius type 
formula as reported in Castro and Macosko case in 1982. This 
term is a function of temperature and conversion.
Energy Equation
pCp(-|^ + u-|^ + v4^ + v-3^) + + +p {$£)*+HiK.LC2
y 9 dt dx dy dz dx2 dy2 dz2 dy
Chemical Species Equation
dC d C , d C \ w dC_„





. du* . du* • du’ dP* . , dzu* d2u* d2u*xu *v *w - — — 4 u ( + + ) ■» q
dx* dy* dz* dx* dx*2 dy*1 dz*2
in y direction
dx* dy* dz* dy* dx*2 dy*J d^’2
and in z direction
u * i ^ > v * ^ +w * - ^ = - ^ l +u * ( - ^ l  4 ^ 1  >-^1) 
dx* dy* dz* dz* dx*2 dy'* dz*2
where u* - u/u v* - v/u w* “ w/uin in in
x* - x/L y* - y/L z* - z/L
P* - -P/uin2P g* - g L/uin2 m' -n/puinL
Energy Equation
dr* . u, dr* . dr* Mr. dr* _ k  ( d^r1+ +
dt * dx* dy* dz* pCpuJflL dx*2 dy*2 dz*2
. ,!MV (jgl)1, cgd-c-)-
P W  a y  pc,r.aUj.
where T* - (T-T )/6T t* - t.u /L, C* - C/Co' •<!' in o
Chemical Species Equation
*2
ac> t u* ac* , V* ac‘ , U'* dC' - C*2
dt* dx* dy* dz* u<
Chapter 4 
Numerical Solution Technique
Due to the nonlinear term appearing in the momentum 
equation, it is impossible to solve all these equations by 
using traditional analytical mathematical methods. 
Therefore, a numerical evaluation is necessary.
This problem was solved by using a control volume 
method. The momentum, energy, and reaction equations were 
integrated over a control volume as depicted in Figure 4.1. 
Thus, the differential equations are transformed into 
algebraic equations, thereby, permitting the finite 
difference approximation. The procedure of discretization 
and solution technique is described by Patankar (30).
This model is set up with the option of using a linear 
combination of previous and current time step values. The 
Crank-Nicolson method was chosen to deal with the momentum, 
energy and material balance equations for an unsteady state 
problem in this research. The benefit of using the Crank- 
Nicolson method is that it has much larger time steps than 
the explicit method does and it is more accurate than the 
implicit method is at a small time step. In order to 
linearize the source term in the energy and material balance 
equations, the heat of reaction is considered to be constant 









Figur* 4.1 Control Volua*
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4.1 Discretization Method
The discretization method used here is a control volume 
method which was described by Patankar (30). In this method 
the domain is discretized by cutting the whole geometry into 
many small cells. Each cell is a control volume in which 
position is marked as i, j, and k as shown in Figure 4.1. By 
integrating the governing equations over the control volumes, 
the partial differential equations can be transformed into 
algebraic equations. The advantage of the control volume 
method is that it is independent of grid size and it 
satisfies the conservation method.
Generally, these algebraic equations have the form shown 
below.
where 4 : variable
subscript p : present position 
subscript n : neighbor points position 
a : coefficient
b : source term
The values of velocities in all three directions are 
stored in the interface of each control volume. The other 
discretized variables, such as pressure, temperature and 
conversion, are stored in the center of each control volume. 
The reasons for handling the velocity field in different ways 
come from corresponding pressure effect. If the velocities 
were stored in the center of each control volume like the
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other variables, a zig-zag or pressure wave would result. 
However, this is not a realistic situation. Thus, the
staggered grid system shown in Figure 4.2 is chosen to 
calculate the velocity field to prevent the unrealistic
situation from occurring. This method requires the velocity
at each control volume surface to be stored at that surface.
There are four basic rules needed to set up for the 
algebraic equation <30):
1) The fluxes at control volume interface must be consistent. 
Therefore, the flux leaving one control volume must be equal 
to that entering in the next control volume by flowing 
through the common interface of these two control volumes.
2) All coefficients of the algebraic equations should be the 
same sign (all positive or all negative). When a numerical
system is set up, any variable at any point is affected by
the other neighboring points. Therefore, if one point's 
value increases, the other points' values must also increase. 
This phenomena means all these coefficient have the same 
sign. Generally, it is much easier to choose the
coefficients as all positive.
3) Any source term can be expressed as:
S*Se+ S £
where Sc is a constant and Sp is a nonlinear function of ♦ ■ 
If the source term is linear, it is independent of 6, then 
Sp—0. Thus, in order to keep all coefficients larger than 
zero, the coefficient of Sp needs to be kept smaller than
yA CONTROL VOLUME FOE VELOCITY U IN THE X DIRECTION 
BOUNDARY CONTROL VOLUME FOR VELOCITY U IN THE X DIRECTION 
CONTROL VOLUME FOR VELOCITY V IN THE Y DIRECTION 
BOUNDARY CONTROL VOLUME FOR VELOCITY V IN THE Y DIRECTION 
CONTROL VOLUME FOR TEMPERATURE. CONVERSION. AND PRESSURE
BOUNDARY CONTROL VOLUME FOR TEMPERATURE. CONVERSION. AND 
PRESSURE




4) After the algebraic equation is fully set up, the 
coefficient of algebraic equation at a certain point must be 
equal to the sum of coefficients of neighbor points. This 
implies that variables at the center point are a weighted 
average of those values at neighboring points.
The Harmonic mean method is used to deal with the 
interface conductivity and viscosity. The expression for K# 
which is harmonic mean of Kp and is shown as below.
_ 2KpKs
•* Xp*Kb
When the conductivity or viscosity at either side of 
given point is very large or nearly equal to zero, the 
Harmonic mean method can predict the solution while 
Arithmetic mean method can not.
Also, the non-linearities in coefficients or the source 
term can be resolved during the iterations by choosing the 
previous time step's values as an initial guess.
All discretization equations have only been considered 
for a steady state and conductivity case until now. A Crank- 
Nicolson method is chosen to solve the unsteady state term in 
the program. This method evaluates the unsteady state term 
by choosing the average value of the previous and present 
time steps' values. For the convective term, a Power Law 
scheme is chosen to decide the algebraic equation 
coefficients as a function of grid Peclet number (30).
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4.2 Tri-Diagonal Matrix Algorithm
The program uses a two way coordinate system. It is a 
system in which conditions at a point are influenced by 
conditions on either side of that point. Therefore, when the 
partial differential equations are changed into algebraic 
equations, the coefficients of the algebraic equations are 
only affected by the coefficient on either side of that 
position. Thus, a banded matrix form can be used to solve 
for these coefficient of algebraic equations.
The Tri-Diagonal Matrix Algorithm (TDMA) method is 
extremely efficient for solving this matrix. This method is 
described by Patankar (30) . It can provide a direct solution 
for the system of equations without performing matrix 
algebraic operations. This method is also called the Thomas 
algorithm or TDMA method. Basically, the TDMA method is 
described as following:
If the grid points are marked as 1, 2, 3, . . .,N where 1 and 
N are boundary grids, the discretization can be written as:
Where i - 1 ,  2, 3,    N
is related to and . By substituting the
boundary condition, the relationship for b„ - 0 and cx - 0 can 
be found.
Suppose a relationship for the forward substitution 
process is applied. Then is only affected by ^l4l-
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Therefore, a relationship for the ♦i_1 and also can be 
expressed as:
Substitute these two previous equations into the 
original equation, then the expression for the Px and Qx can 
be shown as below:
p , ---- ----
Q _ di + ciQi-i
and Pj - b1/al , Qx - < V ai 
p - 0 , T - Q 
The procedure for the algorithm is
1) calculate the starting value P1 and Qt,
2) calculate Pt and QA for i - 2,3, ..., N,
3) let P,, — 0 and set up the 4, “ Q,,, and
4) back substitute + to 9et tbe solution for
grid point i .
However, the method only solves the discretization
equations for a one dimensional situation. Therefore, for
the two or three dimensional case, a line by line TDMA method 
should be applied. At each time step, only a one dimensional 
system is considered. The other coefficient terms in the
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algebraic equation were treated the same as the source term. 
Then the calculation direction is switched from top to 
bottom, left to right, and front to rear directions until a 
convergent value is reached. Thus, a two or three 
dimensional case can be handled.
4.3 Semi-Implicit Method for Pressure Linked Equations 
Algorithm
After all the partial differential equations are changed 
into algebraic equations, then the Semi-Implicit Method for 
Pressure Linked Equation (SIMPLE) Algorithm is used to solve 
all the governing equations at the same time. The reason for 
choosing SIMPLE is because the momentum equation is 
nonlinear. That is, inertial effects are included and 
therefore, a direct solution cannot be obtained.
This algorithm was developed by Patankar and Spalding in 
1972. It is a logical approach algorithm to solve the 
momentum, energy, and other species equations at the same 
time (30).
The basic principle for this algorithm is that when the 
momentum equations transform into algebraic equations, a 
relationship between velocity and pressure can be obtained. 
Because the real velocity equals the stun of the guess 
velocity and the velocity correction, a relationship between 
the velocity correction and pressure correction can be 
obtained by using the same algebraic momentum equations.
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Substituting this relationship into continuity equation 
causes the continuity equation to become algebraic equation 
with only one variable, the pressure correction. Solve for 
pressure correction and then use it for velocity correction. 
The execution steps of this approach are shown below:
1) Guess the pressure field P*.
2) Solve the momentum equation to get the u*, v*, and w*.
3) Use the continuity equation to get the pressure
correction P'.
4) Correct the pressure P—P*+P' .
5) Correct the velocity u, v, and w.
6) Solve the other discretization equations.
7) Treat the corrected pressure P as a new guess pressure
P*. Return to step 2 and repeat the whole process until 
it converges.
For each time step, this algorithm will be used to get the 
solutions for those governing algebraic equations.
4.4 Grid System and Calculation Domain
In order to utilize the previous time step's values for 
energy and reaction equations terms for not only the fluid 
front control volumes but also the control volumes behind the 
front, a uniform grid system must be applied in this method. 
Due to the solving method, only a rectangular domain can be 
handled in this program. Therefore, solid regions must be 
plugged into the calculation domain to form the desired
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various shape molds. Also, in order to have non-flat front 
position as function of time, one more air control volume is 
added on the fluid front to fit the rectangular calculation 
domain requirement.
4.5 Fluid Movement'a Control
The method used to control the fluid movement is shown 
in Figure 4.3. It is a similar method to that Annamaria 
Cividina et al. reported in 1984 (33). Each grid cell is 
identified as liquid, solid, or air filled at each time step. 
Different phase is given by different physical properties, 
such as viscosity and conductivity. The fluid moving front 
shape is allowed to change to correspond to the velocity of 
the front. After each time step's calculation, each velocity 
in the length, height, and width directions for the control 
volume is automatically obtained. The movement of the front 
is calculated as follows:
First : Choose the maximum velocity in the axial direction 
on the front to be a base.
Second: Divide each axial velocity of the liquid's control 
volume on the front by the maximum axial velocity 
of the liquid phase. if this value is larger than 
0.5, then this control volume moves one control 
volume's distance in the axial direction.






I I Air  P h o s e  
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Figure 4.3 Fluid Movement
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Third : If at the same period of time, the distance for the 
velocity moves in the height or width directions is 
half or larger than control volume's volume distance, 
then, the control volume is moved one control volume 
distance. Otherwise, the control volume remains. 
After the front has been determined, the process starts 
again based on the new front location. In the program, one 
layer of air is always added on the front of the liquid in 
order to determine the boundary conditions. The air velocity 
is assumed as uniform and the value is based on the inlet 
volumetric flow rate.
The initial guessed values of the temperature and 
conversion for those liquid phase control volumes which are 
behind the moving front are picked up from the previous time 
step's values directly. For the liquid front and the areas 
which are filled by the movement of the moving front, those 
control volumes are assumed to have the same initial guess 
temperature and conversion values as those of the moving 
control volume previous time step's values.
Thus, by using the method described above, then, fluid, 
air and whole calculation areas for the next time step can be 
obtained in advance.
4.6 Method to Control the Converging and Expansion Sections 
The program here is designed to solve the equations in 
a rectangularly shaped domain. Complicated mold and front
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geometries are considered by including them explicitly within 
the calculation grid. At a front at least one layer of air 
filled grids are included in the calculation as required to 
have a rectangular domain.
In order to handle the fluid flow phenomena in a 
converging and expanding section of a mold, a different 
velocity boundary condition on the air front according to the 
movement of fluid passing through those sections is needed to 
be supplied in the program. That is because the mass balance 
rule must be satisfied. Thus, the velocity on the air front 
is depended on the inlet volumetric flow rate and the cross 
section area where the air front located.
The different velocity boundary conditions can be used 
for the fluid passing through the converging section 
immediately. However, the method used to set up the velocity 
boundary condition for the moving front in the expanding 
section is slightly different from that in the converging 
section. This is because the air always exists in one more 
control volume's distance in front of the fluid in the 
program. Therefore, the boundary conditions are maintained 
for an additional control volume movement compared to the 
procedure for a converging section. So, the velocity 
boundary condition on the air front for the expanding section 
must be kept the same for one more time step.
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4.7 Model Computer Algorithm
The main program uses seven subroutines which are 
Diflow, Setup, Solve, Supply, Curve, Figure, and User. The 
Diflow subroutine is used to calculate the value of A(1P1) 
which is necessary for computation of the coefficient of the 
algebraic equation. The Setup subroutine includes two entry 
programs, Setupl and Setup2. Subroutine Setupl is used to 
setup the grid, interface, the distance between two grids, 
and distance between two interfaces. Subroutine Setup2 
calculates the coefficients for the algebraic equation. The 
subroutine Solve is designed to solve these equations by 
using the line-by-line TDMA method (30) . The subroutine 
Figure can be used to print out the shape of the moving front 
at each time step. The subroutine Curve is designed to 
determine the moving front position for the next time step. 
Furthermore, the subroutine Supply provides the format of the 
output. The subroutine User is the brain of the program. It 
includes six entry programs. Grid, Start, Bound, Dense, 
Gamsor, and Output. Parameter values are inputed in the 
entry Grid program. Boundary and initial values are inputed 
in the entry Bound and Start programs. Also, the entry 
program, Gamsor, is used to compute the value of viscosity 
and thermal conductivity. The entry Dense is used to supply 
the information of the fluid density. In addition, entry 
Output is used to define the printout format and setup when 
the output file is needed to be printed out. The computer
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block diagram and the interaction of these subroutines with 
each other is shown in Figure 4.4. By using different data 
sets, the program can be executed for many different cases 
without recompiling the code. This makes it much easier to 
handle different problems.
This program is partly taken from Dr. Acharya (34) ,
Mechanical Engineering Department of Louisiana State
University. This program not only extends two dimensional 
solving method into three dimensional solving method but also 
demonstrates a technique which is useful to handle the fluid 
movement, temperature, and conversion changes with time in 
the various shaped molds. The flow sheet of the program is 
shown in Figure 4.5. This figure shows the general
operations of the model. The program is designed to solve
momentum, energy and material balance equations for the RIM 
process. The important operations, in the order of their 
execution, are:
1) Input the process parameters.
2) Start the filling process and determine the
calculation area which is occupied by fluid.
3) Set time t initially to zero and increment on 
subsequent interactions.
4) Input boundary conditions and calculate the 
viscosity.
5) Check if the gel point has been reached yet. If
yes, stop the program and print out the results.
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6) Calculate the coefficient of each differential 
equation.
7) Solve the momentum, energy, pressure correction, 
and species equations by using the SIMPLE algorithm.
8) Check the solution for convergence. If not, repeat 
step 6.
9) Print out the result and the shape of the front.
10) Check if the fluid fills the mold or not. If yes, 
go to step 12, otherwise
11) Determine the fluid area for the next time step 
which depends on the corrected velocity at the 
front.
12) Go back to step 4 for the next time step.
13) Omit the momentum equation. Calculate the energy 
and the species equations until the mixture reaches 
the conversion value. If this value has been 
achieved, stop the program, or
14) Call print subroutine to print out the results and 




A mathematical model is not useful until it can be 
verified by experimental data and determined that it explains 
the true physical phenomena. In this chapter the model 
predictions will be compared with the experimental data of 
Castro and Macosko. The filling front shape predictions of 
the model will be compared to experiment which water was 
injected into complex mold shapes. Finally, the model 
sensitivity to calculation and physical parameter variation 
will be tested.
5.1 Comparison of Temperature Prediction with Castro and 
Macosko Data
The mold used by Castro and Macosko was a simple 
rectangularly shaped mold with a full gate, Figure 5.1. 
Since this mold has a much larger dimension in the lateral 
direction than in the thickness direction, it can first be 
simplified to a two dimensional case. The chemical system 
and parameters used in this program are the same as those 
that Castro and Macosko reported in 1982. Also, two molds 
which have the same dimensions as those in Castro and Macosko 
experiment are considered. Based upon the geometry of the 




















t - 0 T - To, u - 0, v - 0, C - CQ
Boundary Conditions
y “ 0 &T/&y - 6u/fly - 0 v - 0
y - height/2 t - Tw u « 0 v - 0
x - 0 T - T  u — u, v - 0o in
x - air front T- T . ,  _ u - u  v - 0fluid in
The computer prediction shows that the moving front 
shape for both molds is flat. This is the same result as 
that Fred J. Perrett shown in 1988. It showed fluid has a 
nearly flat front in the vertical direction when the 
thickness of the mold is much less than the other two 
dimensions. Again, this result gives the verification of the 
original assumption by Castro and Macosko (1982) about the 
filling front.
After the two dimensional case was solved, a three 
dimensional program was developed. For the shape mold 
described above, a three dimensional program is not 
necessary. However, in order to solve the fluid movement in 
a much complex shaped mold, a three dimensional program is 
needed. A first test of the full three dimensional program 
was effected in the approximately two dimensional geometry of 
the Castro and Macosko mold (28).
Because of the symmetrical character of the mold in the 
width and height directions, only a quarter of the mold is 
considered. Also, in order to prove the accuracy of this
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three dimensional program, it is used to test the output 
results with the two sets of experimental results discussed 
above. Therefore, the boundary and initial conditions can be 
expressed as below for an isothermal mold wall case.
Initial Conditions
t - 0  T - To, u -0, v - 0, w - 0, C - CQ
Boundary Conditions
y - 0 T - T Au/Ay - 0 v — 0 Aw/Ay - 0
y - height/2 T - T c l 0 < 1 o w — 0
X - 0 T - TO u — u v — 0in w — 0
X - front length T - T,, . u ■ u, v — 0fluid i_n w - 0
z - 0 T - TW u - 0 v - 0 w - 0
z - width/2 AT/Az — Au/Az — Av/Az — 0 w — 0
Using the same parameters as reported on Castro and 
Macosko paper, the simulation results of temperature for both 
two dimension (2-D) and three dimension <3-0) cases at a 
given point for two systems (x—0.53L y—0.6H/2, X-0.28L
y-0.6H/2) are shown in Figure 5.2 and 5.3. Since the width 
dimension of the mold is large, the temperature profiles in 
the width direction are quite uniform at any given length 
position. Therefore, the profiles shown on Figure 5.2 and 
Figure 5.3 are only picked on the half width position. The 
variable, fill time, appearing on both figures is defined by 
that real time times the inlet velocity and then is divided 
by the total length of the mold. These Figures are used to 
















Curved Front-' 2 D 






0.5 0 15  2 .0  2
TIME (dimensionless)
3 0 3 5
Figure 5.2 Model Verification For MiC Exp. 9211
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Figure 5.3 Model Verification For MtC Exp. 942
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Macosko in 1982. From these Figures, good agreement between 
the experimental data and computer results for both systems 
are observed. All show good agreement, verifying the working 
ability of this three dimensional program.
From the comparison of 2-D and 3-D results, almost the 
same curve is observed for both cases. Demonstrating the 
ability to reproduce 2-D results by using 3-D model is the 
main purpose for this case, although this 3D model is not 
necessary to be used in this shape of mold.
Although no other data is available from the experiment 
of Castro and Macosko (28), the model was used to evaluate 
the temperature structure within the mold. Figure 5.4 shows 
the isothermal lines at the center surface at the half width 
position. This is for the system labelled 9211 by Castro and 
Macosko just after finishing the filling stage. These 
figures show that the lowest temperature occurs near the gate 
indicating the fluid at that position has reacted very 
little. The reason is that the inlet fluid has experienced 
a much shorter residence time than has the fluid on the 
front. In addition, the temperature near the center line has 
a higher value than that near the wall. This result comes 
from the poor conductivity characteristic of the polymer, 
therefore, the fluid at the centerline is nearly adiabatic. 


































1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Length of the Mold (Dimensionless)
Figure 5.4 Isothermal Lines for the Fluid Just
Filled the 3-D Rectangularly Shaped Mold 
Inlet Velocity — 10.37 cm/sec 
Inlet Fluid Temperature • 55.3 °C 
Wall Temperature - 82 °C
At Center Plane Which Is Perpendicular to 
the Width Direction 
At Dimensionless Time •* 1.0
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5.2 Comparison of Moving Front Prediction with Experimental 
Data
The results of the previous section indicate that the 
chosen method for predicting the heat and reaction was 
proper. The purpose of this section is to demonstrate the 
workability of the dynamic moving front method. Therefore, 
to concentrate on the front calculations water at the mold 
temperature was chosen to be the flowing medium, thereby 
eliminating the reaction and heat transfer considerations.
In order to study the filling front shape and location 
predictions an experimental investigation of the moving front 
for the liquid flowing through an irregularly shaped mold was 
conducted. A series of simple experiments were performed.
Two cases were considered. Both of them had the same z 
shaped domain but with different inlet gate sizes. This mold 
has the dimensions shown in Figure 5.5. For one case a full 
inlet gate was used and for the other all but 40 percent of 
inlet gate was blocked. The water filling system was 
operated with the mold at atmospheric pressure and room 
temperature. In order to avoid generating air bubbles in the 
mold, the mold was placed in an upright position filling from 
the bottom.
In order to determine the exact flowing front movement 
during such a short filling time (a few seconds) the movement 
of the front was recorded by a video camera during the whole 


















The liquid used in the experiment was water at 25 degree 
C. The physical parameters of water and air are depicted as 
given as below (32,35).
Physical Parameters 
(25 C) 8. 36x1 O'3 g/cm s
(i.lr (25 C) 1.851x10"* g/cm s
<25 c> 0.99624 g/cm3
T 25 C
A schematic of the experimental setup was shown as 
Figure 5.6. After the water passed through the flow meter, 
which was used to control the inlet flow rate at the entrance 
of the mold, it was injected directly into the mold.
Due to the orientation of the mold, the effect of 
gravity was considered for both cases. Based upon the 
results presented in the previous section and Perret's thesis 
(4) , a flat front profile in the vertical direction was 
assumed. The water velocity used in case one (full gate) was 
controlled at 14.3 cmVsec and 15.4 cmVsec in case two (40 
percent gate). Experimental determined and computer 
predicted moving front results for both cases are shown in 
Figure 5.7 and 5.8. The good agreements shown verifies that 
the method used to predict the moving front is accurate. 
However, this model can not predict the wave observed 






Figure 5.6 On Line Experiment Schematic
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Figure 5.7 The Comparison of Changing Moving Front 
at 3-D Irregularly Shaped Mold by Adding 
Gravity Opposite to the Flow Direction 
Volumetric Flow Rate “ 14.3 cmVsec 
Solid Lines: Experimental Measurement Results 










Figure 5.8 The Comparison of Changing Moving Front 
at 3-D Irregularly Shaped Mold by Adding 
Gravity Opposite to the Flow Direction 
Volumetric Flow Rate — 15.4 cmVsec 
Solid Lines: Experimental Measurement Results 
Dashed Lines: Computation Results
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quasi-steady state momentum balance, i.e. there is balance 
between the inertial and viscous forces.
5.3 Program Sensitivity Analysis
In order to test the sensitivity of the program on 
different variables, Castro and Macosko's mold and 
experimental system 9211 were chosen to be the basis for 
comparison of changing initial concentration, air phase size, 
calculation domain, inlet fluid temperature, wall 
temperature, and using different viscosity and conductivity 
cases. In addition, the temperature simulation result for 
this system was setup to be a standard one for the 
sensitivity comparison in the following tests. In order to 
make the comparison more clear, the conversion verse time at 
one point as indicated in Figure 5.1 for these cases are 
shown in Figure 5.9. From this Figure, it shows that 
changing viscosity, conductivity, inlet velocity, or the air 
phase size does not have much affect on change the standard 
profile. But changing the initial concentration, wall 
temperature, or inlet fluid temperature do shift the profile. 
Also, shown in this figure the inlet temperature has a much 
larger effect on the final product conversion than does the 















0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Dimensionless Time
Figure 5.9 Program Sensitivity Analysis 
Location P: <0.53L,0.55H/2)*
a: Increase Width of the Mold (Twice Larger) 
b: Decrease Thickness of the mold (50 %) 
c: Standard Control Set 
d: Decrease Wall Temperature 10 °C 
e: Decrease Inlet Fluid Temperature 10 °C 
f: Increase Inlet velocity (Twice Larger)
*: For a Point Lying on Center Plane, i.e. 
Plane perpendicular to Width Dimension, 
See Figure 5.1 for Location
72
5.3.1 Sensitivity to Initial concentration
Figure 5.10 shows the effect of an initial isothermal 
reaction resulting in 5 percent conversion before injection 
into the mold. Due to 5 percent pre-reaction, the 
temperature in this system is lower than that shown in Figure
5.4 for unreacted inlet fluid. This effect is much larger 
for material near the center position of the mold. Since the 
impingement time is very short, the initial concentration 
usually is very low and assumed to be zero. However, if five 
percent pre-conversion did occur at the entrance of the mold, 
it would need a longer curing time and final product would 
have lower molecular weight and much more flexibility 
properties due to the low reaction rate. This model did show 
that the system is very sensitive to the inlet concentration.
5.3.2 Sensitivity to Air Phase Volumes
In order to test the model sensitivity to the air phase 
size assumption, the fluid front was assumed to have eight 
control volumes of air preceding it instead of one air phase 
control volume. The simulation results illustrated in Figure
5.11 show similar tendencies to those shown in Figure 5.4 
except that the temperature profile on the center line of the 
front is three degrees C higher. Since the melt temperature 
range as indicated in Figure 5.11 (highest temperature 143 





















































Length of the Mold (Dimensionless)
Figure 5.10 Sensitivity to the Initial Concentration 
Initial Concentration - 0.05 %
Inlet Velocity — 10.37 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
Hall Temperature ■ 82 ®C
At Center Plane Which Is Perpendicular to 
the Width Direction 






































0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Length of the Mold (Dimensionless)
Figure 5.11 Sensitivity to the Size of Air Phase
Eight Air Phase Control Volumes on the Front 
Inlet Velocity - 10,37 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
Wall Temperature • 82 °C
At Center Plane Which Is Perpendicular to 
the Width Direction 
At Dimensionless Time — 1.0
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this three degree difference is not significant. Therefore, 
the size of the air phase control volume on the front was 
constrained to be as small as possible for computational 
efficiency. This was achieved by minimizing the number of 
air phase control volumes.
5.3.3 Sensitivity to Non-uniform Inlet Velocity Distribution 
Inlet velocity is not uniform in the real RIM system.
Therefore, in order to test sensitivity of the uniform inlet 
velocity assumption, a velocity profile as depicted in Figure
5.12 is used. The temperature profile for this system is 
shown on Figure 5.13. Comparing the temperature distribution 
with Figure 5.4, it noted to be in a good agreement. The 
temperature is not a strong function of inlet velocity 
profile for this mold.
5.3.4 Sensitivity to Calculation Domain
Furthermore, the accuracy of the program can be tested 
by changing the calculation domain. Figure 5.14 shows the 
computational result for the whole thickness domain instead 
of a half thickness domain. Comparison of this result and 
Figure 5.4, not only similar results are observed, but also 
symmetrical profiles is obtained for the whole mold geometry. 
Thus, the accuracy of the program can be proved.
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Length of the Mold (Dimensionless)
Figure 5.13 Sensitivity to the Inlet Velocity Profile 
Inlet Velocity “ 10.37 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
wall Temperature - 82 °C
At Center Plane Which Is Perpendicular to 
the Width Direction 
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Length of the Mold (Dimensionless)
Figure 5.14 Sensitivity to the Calculation Domain 
Inlet Velocity - 10.37 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
Wall Temperature - 82 aC
At Center Plane Which Is Perpendicular to 
the Width Direction 
At Dimensionless Time * 1.0
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5.4.5 Sensitivity to Air Conductivity
In order to test the sensitivity of the results to the 
effective conductivity of the air phase, the air phase 
conductivity was varied between real air conductivity and
0.17 w/cm.K in this model. Figure 5.15 shows the computation 
result by using real air conductivity. Comparing this figure 
with Figure 5.4, a good agreement is obtained and air 
advection can be neglected. Thus, it is noted that program 
is not very sensitive to this variable.
5.3.6 Sensitivity to Inlet Fluid Temperature and Wall 
Temperature
The temperature isotherms for the fluid just ending the 
filling stage for both cases are shown on Figure 5.16 and 
5.17. Comparing these two figures with Figure 5.4 at the 
center line of the mold, it shows decreasing inlet fluid 
temperature 10 degree C changes the observed profiles 
significantly. This tendency also can be obtained from 
Figure 5.9.
5.3.7 Sensitivity to Grid Resolution
The grid size effect would be discussed for a z shaped 
mold. The method used in the model has the error on the 
order of the grid cell. However, the generation of these 
errors during time steps can be checked by changing the grid 
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Length (Dimensionless)
Figure 5.15 Sensitivity to the Conductivity 
Reel Air Conductivity 
Inlet Velocity - 10.37 cm/sec 
Inlet Fluid Temperature - 55.3 8C 
Hall Temperature — 82 °C
At Center Plane Which Is Perpendicular to 
the Width Direction 
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Figure 5.16 Sensitivity to the Inlet Fluid Temperature 
Inlet Velocity — 10.37 cm/sec 
Inlet Fluid Temperature — 45.3 °C 
Hall Temperature • 82 °C
At Center Plane Which Is Perpendicular to 
the Width Direction 





































0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Length of the Mold (Dimensionless)
Figure 5.17 Sensitivity to Hall Temperature 
Inlet Velocity *• 10.37 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
Wall Temperature • 72 °C
At Center Plane Which Is Perpendicular to 
the Width Direction 
At Dimensionless Time - 1.0
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using the same parameters and a different control volume 
size.
The mold shape is depicted in Figure 5.18. Since the 
whole mold is symmetrical in the height direction and 
irregular in the lateral and axial direction, only half of 
the mold is considered for this three dimensional problem. 
Also, in order to initially simplify the problem, a full gate 
of the mold is assumed first. Therefore, a Z shape, full 
gate, and very thin thickness mold is considered.
Since the fluid is reported (4) to have a nearly flat 
front in the vertical direction when the thickness of the 
mold is much less than the other two dimensions, a flat front 
profile in the vertical direction is assumed. The same 
parameters and chemical system are used in this model as 
previously, except changing the inlet velocity to double that 
reported in Castro and Macosko's system. The boundary and 
initial conditions for this mold are shown as following. 
Initial Conditions
t - 0 T - T , u *O 0, v - o, W - 0, 0 1 n o
Boundary Conditions
y - 0 T - TW u mt 0 v - 0 w - 0
y - height T - TV u - 0 v - 0 w - 0
x - 0 and y > 0.5H T - To u - u i„ v - 0 w - 0
X — 0 and y < 0.5H T - u - 0 v - 0 w - 0
Z “ 0 T - Tw u - 0 v - 0 w - 0




















Figure 5.18 3-D Irregularly Shaped Mold
00
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for the moving front
0.2L < x < 0.8L T - T,, . u - 0.5u v - 0 w - 0fluid in
for the other x T - T„, J u - u v — 0 w - 0fluid in
The calculated moving front positions as a function of 
time for both 25 (dashed lines) and 50 control volumes (solid 
lines) are shown in Figure 5.19. A similar front shape is 
obtained for both cases, however some deviation in the 
contraction region and difference in the air pocket size 
result. In related comparisons the iso-paths of temperature 
and conversion for the fluid just finishing the filling 
process are shown in Figure 5.20 to 5.23. Quite similar 
temperature and conversion profiles are calculated for 
different grid systems. In order to clearly illustrate the 
comparison of 25 and 50 control volumes cases, Figure 5.24 
shows the temperature verse dimensionless time at two given 
positions (position indicated by an L in Figure 5.18). This 
close agreement means the original control volume size is of 
sufficient for the chosen system. Figure 5.25 shows how the 
temperature verse dimensionless time profiles change with 
different positions. The predicted temperature profiles 
could provide an experimental check by using thermocouples 
embedded in the mold.
From Figure 5.19, an apparent air pocket is predicted to 
develop in the corner of the expanding section. This would 
indicate modification of such a mold or operation conditions 






Figure 5.19 The Change of Moving Front In a 3-D 
Irregularly Shaped Mold
Solid Lines: 50 Control Volumes in the Length 
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Length (Dimensionless)
Figure 5.20 Isothermal Lines for the Fluid Just
Filled the 3-D Irregularly Shaped Mold 
Inlet Velocity - 20.74 cm/sec 
Inlet Fluid Temperature * 55.3 °C 
Hail Temperature - 82 °C 
At Center Plane which Is Perpendicular 
to the Thickness Direction 
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Length (Dimensionless)
Figure 5.21 Iso-convirsion Lines for the Fluid Just 
Filled the 3-D Irregularly Shaped Mold 
Inlet Velocity - 20.74 cm/sec 
Inlet Fluid Temperature — 55.3 °C 
Wall Temperature - 82 °C 
At Center Plane Which Is Perpendicular 
to the Thickness Direction 
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Figure 5.22 Isothermal Lines for the Fluid Just
Filled the 3-D Irregularly Shaped Mold 
Inlet Velocity - 20.74 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
Wall Temperature - 82 °C 
At Center Plane Which Is Perpendicular 
to the Thickness Direction 
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Figure 5.23 Iso-conversion Lines for the Fluid Just 
Filled the 3-D Irregularly Shaped Mold 
Inlet Velocity — 20.74 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
Hall Temperature - 82 °C 
At Center Plane Which Is Perpendicular 
to the Thickness Direction 
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Figure 5.24 Sensitivity of the Grid Size 
Point L2: (12.75cm,15.5cm)*
Point L5: (12.75cm,5.5cm)*
a: 25 Control volumes 
b: 50 Control Volumes
*: For a Point Lying on Center Plane,
i.e. Plane perpendicular to Thickness 
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Figure 5.25 Temperature versus Dimensionless Time







*: For a Point Lying on Center Plane,
i.e. Plane perpendicular to Thickness 
Dimension, See Figure 5.18 for Location
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profiles show that the highest temperature and conversion 
occur on the front of the fluid. The fluid near the gate has 
the lowest temperature in the whole mold due to the shortest 
residence time. A hot spot appearing in the end of filling 
stage could be the hot spot in the curing stage. Thus, these 
figures drawn at the end of filling stage can be used to 
predicted the weakest parts of the product. In addition, 
this model can be used to determine when the curing is 
essentially over by checking if conversion values is enough 
to achieve a demold value yet.
5.3.8 Sensitivity to Quasi-Steady State Momentum Transfer 
Assumption 
Quasi-Steady Assumption 
x component momentum Equation
y component momentum Equation
- / dv ,.. dv . „ dv ,.. dv v _ dP , ,  d*v , d1 v x d2 v v
,,{T i * uS i ' vs ? * u-5i)- ' W l*( a5? 9^ '  I P
z component momentum Equation
- / dw . .. dw . „dw ... _ dP , d*w d*w d*w.
Let x* - x/L y* - y/L z* — z/L u* * u/um
V * “  v / u i„ W * "  w / u t„ P* “  pH2/
g,‘ - g,H2/(nouiB) Ji* - \i/\io Re - P uJ/|»Q
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Then the equations become 
x component momentum equation
HRe +u, dtjT ) l J?gr, d*u , R e H lx,. d*u _ _ d*P H 2 d*u* t d2^
2L dt' dx* dy* IV dz* dx* L 2 dx'2 By’
 ^h 2 a*u*, A .+ ) +0O,
W2 dz*2
y component momentum equation
£ dt* dx* dy* W dz* # dy*
., H 2 d2v* t d2^* t tf2 dV* .
L 2 dx*2 dy*2 V2 dz*2
z component momentum equation
< ^  + u * ^ ) +Sev*il^+ * f £ w * - ^ = - ^ - ^
£ dt* dx* dy* ^ dir* W d * ’
+u * ( ^ i ^ : +^ : +
Z,2 dx*2 dy*2 IV2 dz*2
In most RIM processes,, (H/L) (Re) is much less than 1. 
When the coefficient of all of the terms in governing 
equations are maintained for the calculations, however, the 
coefficient of unsteady term is very small. Therefore, this 
term is omitted to speed up the calculations.
In order to test the validity of this decision and the 
sensitivity of this term, a calculation was made in which the 
unsteady term was kept. Figure 5.26 shows the conversion 
versus dimensionless time at a given point for both with or 
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Figure 5.26 Sensitivity of Quasi-Steady State Assumption 
Measure Point: (13cm,15.5cm)*
25 Control Volumes 
Calculation Domain — Whole Mold 
Solid Line: With Quasi-Steady State 
Assumption 
Dashed Line: Without Quasi-Steady State 
Assumption 
*: For a Point Lying on Center Plane,
i.e. Plane perpendicular to Thickness 
Dimension, See Figure 5.18 for Location
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calculation domain. Both are very similar indicating that
the unsteady state term is not important and can be 
neglected. In addition, computation time for omitting the 
unsteady term is significantly reduced when the unsteady term 
is omitted. Thus, the following cases are considered without 
this term.
Chapter 6 
Model Application to Complex Molds
One factor limiting the optimal mold design and 
operation is that the complex flow, heat transfer, and 
reaction are difficult to predict in a complicated mold 
shape. The work presented here is focused on the whole 
phenomena which occur in all three dimensions in various 
shaped molds.
The program is designed for the mold temperature is 
isothermal, adiabatic, or anywhere in between. However, in 
the following discussions, the fluid entering the mold is 
assumed to be well mixed at temperature To and the conversion 
is zero at the entrance of the mold. The wall temperature is 
fixed at an isothermal temperature Tw.
6.1 Z-shaped Mold with Full Gate
In order to see how the other physical parameters affect 
the properties of the final product, several parameter 
changes were made in this program, such as: increasing the
monomer concentration, increasing the inlet velocity, 
changing mold dimension or operation conditions, and changing 
the control volume size. By changing these variables, 
different thermal and conversion profiles can be obtained. 
Therefore, the hot spot or the air entrapment in the mold can 
be predicted in advance from these profiles. The set of
97
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parameters giving the results depicted in Figure 5.19 and 
5.22 to 5.23 are used as a control set for comparing the 
results of changing the physical parameters. The effects of 
one key parameter were investigated by selectively various 
its values while holding the others constant as described in 
the following.
6.1.1 Comparative Effects
Figure 6.1 to 6.4 suggest that decreasing the inlet 
fluid temperature has a larger effect on the final properties 
compared to the standard conditions than does decreasing the 
wall temperature by the same amount. The lesser influence on 
the fluid temperature throughout the cavity by the wall 
temperature is due to the poor thermal conductivity of the 
polymer. Increasing the inlet velocity has a greater effect 
on the final product properties than either of the 
temperature changes since the residence time of the mixture 
is apparently quite important. In addition, changing the 
mold dimensions also have some effects on the final 
properties. All of these effects are discussed in more 
detail in the following subsections.
6.1.2 ELffect of Inlet Velocity
Effects of increasing the velocity on the moving front, 
isotherms and iso-conversion lines change are shown in Figure
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Figure 6.1 Sensitivity of Operation and Mold 
Dimension Variables 
Location L5: <12.75cm,5.5cm)'
a: Increase Width of the Mold (Twice Larger) 
b: Decrease Thickness of the mold (50 %) 
c; Standard Control Set 
d: Decrease Wall Temperature 10 "C 
e: Decrease Inlet Fluid Temperature 10 °C 
f: Increase Inlet Velocity (Twice Larger)
*: For a Point Lying on Center Plane, i.e. 
Plane perpendicular to Thickness 










Figure 6.2 Sensitivity of Operation and Mold 
Dimension Variables 
Location L2: (12.75cm,15.5cm)‘
a: Increase width of the Mold (Twice Larger) 
b: Decrease Thickness of the mold (50 %) 
c: Standard Control Set 
d: Decrease Wall Temperature 10 °C 
e: Decrease Inlet Fluid Temperature 10 °C 
f: Increase Inlet Velocity (Twice Larger)
*: For a Point Lying on Center Plane, i.e. 
Plane perpendicular to Thickness 
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Figure 6.3 Senaiti.vi.ty of Operation and Mold 
Dimension Variables 
Location L6: (18.25cm,5.5cm)*
a: Increase Width of the Mold (Twice Larger) 
b: Standard Control Set
c: Decrease Thickness of the mold (50 %) 
d: Decrease Wall Temperature 10 °C 
e: Decrease Inlet Fluid Temperature 10 °C 
f: Increase Inlet Velocity (Twice Larger)
*: For a Point Lying on Center Plane, i.e. 
Plane perpendicular to Thickness 
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Figure 6.4 Sensitivity of Operation and Mold 
Dimension Variables 
Location L3: {18.25cm,15.5cm)*
a: Increase Width of the Mold {Twice Larger) 
b: Standard Control Set
c: Decrease Thickness of the mold (50 %) 
d: Decrease Wall Temperature 10 °C 
e: Decrease Inlet Fluid Temperature 10 °C 
f: Increase Inlet velocity (Twice Larger)
*: For a Point Lying on Center Plane, i.e. 
Plane perpendicular to Thickness 
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Figure 6.5 The Change of Moving Front at a 3-D
Irregularly Shaped Mold by Increasing 
the Velocity Parameter 
Inlet Velocity —41.48 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
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Figure 6.6 Isothermal Linas for the Fluid Just
Filled the 3-D Irregularly Shaped Mold by
Increasing the Velocity Parameter
Inlet Velocity - 41.48 cm/sec
Inlet Fluid Temperature - 55.3 °C
Wall Temperature - 82 °C
At Center Plane Which Is Perpendicular
to the Thickness Direction





























Figure 6.7 Iso-conversion Lines for the Fluid Just
Filled the 3-D Irregularly Shaped Mold by
Increasing the Velocity Parameter
Inlet Velocity ■ 41.48 cm/sec
Inlet Fluid Temperature - 55.3 8C
Wall Temperature ■ 82 °C
At Center Plane Which Is Perpendicular
to the Thickness Direction
At Dimensionless Time — 1.6
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with the control ones, it is noted that lower temperature and 
conversion profiles for the fluid in the whole mold are 
obtained for the bigger velocity. This would mean the time 
to gel is also increased due to the lower reaction rate. 
This result is reasonable and expected due to the shorter 
time for the fluid to fill the mold. However, if the filling 
velocity is too high, unsteady flow could occur. It is 
possible to have occurring waves on the front or even a  
finger of fluid jet out from the front. In order to achieve 
a smooth laminar filling front, the criteria for the Reynolds 
number is between 10 to 100 (1).
6.1.3 Effect of Mold Width
The effect of increasing the width dimension of mold and 
gate on the front movement and the isotherms and iso­
conversion lines distributions are shown in Figure 6.8 to 
6.10. For the moving front, a larger air gap is predicted in 
the corner of the mold than that in the control set. These 
results also suggest that the fluid jets into the mold and 
then after it reaches the mold wall it back fills the corner 
in the expansion section. In addition, the result suggest 
that very irregular profiles both of temperature and 
conversion isopaths occur. All of these effects indicate the 
existence of an air pocket. Furthermore, the temperatures 
and conversions in the mold for the fluid just finishing the 
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Figure 6.8 The Chang* of Moving Front at a 3-p
Irregularly Shaped Mold by Increasing 
the Width Parameter 
Width of the Mold - 40 cm 
Inlet Velocity -20.74 cm/sec 
Inlet Fluid Temperature - 55.3 “C 
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Figure 6.9 Isothermal Lines for the Fluid Just
Filled the 3-D Irregularly Shaped Mold by
Increasing the Width Parameter
Width of the Mold - 40 cm
Inlet Velocity — 20.74 cm/sec
Inlet Fluid Temperature - 55.3 °C
Wall Temperature ■ 82 °C
At Center Plane Which Is Perpendicular 
to the Thickness Direction 
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Figure 6.10 Iso-converaion Linea for the Fluid Just
Filled the 3-D Irregularly Shaped Mold by
Zncreaaing the Width Parameter
Width of the Mold — 40 cm
Inlet Velocity — 20.74 cm/sec
Inlet Fluid Temperature - 55.3 ®C
Wall Temperature - 82 4C
At Center Plane Which la Perpendicular
to the Thickness Direction
At Dimenaionleas Time • 1.6
1 1 0
This results both because this mold has larger dimension in 
the step shape area than standard mold and because the 
mixture has poor thermal conductivity. Due to the need to 
fill the larger step shape area in this case than that in the 
standard mold, very irregularly temperature and conversion 
profiles are observed in that area.
The effect of decreasing the width on the moving front 
and the temperature and conversion profiles are shown in 
Figure 6.11 to 6.13. A much smoother moving front is 
obtained than that with a wider mold. The results also 
indicate that this model develops lower temperature and 
conversion profiles than the standard set does. This is 
consistent with the above discussion on a wider mold. Again, 
the lowest temperature and conversion occur near the gate.
6.1.4 Effect of Mold Thickness
The moving front characteristics and the temperature and 
conversion profiles related to decreasing the thickness of 
the mold are shown in Figures 6.14 to 6.16. A much flatter 
moving front is obtained than that in the standard set. The 
higher temperature and conversion profiles result from a 
greater influence of the wall temperature which in turn 









Figure 6.11 The Change of Moving Front at a 3-D
Irregularly Shaped Mold by Decreasing 
the Width Parameter 
Width of the Mold - 10 cm 
Inlet Velocity —20.74 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
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Figure 6.12 Isothermal Lines for the Fluid Juat
Filled the 3-D Irregularly Shaped Mold by
Decreasing the Width Parameter
Width of the Mold - 10 era
Inlet Velocity * 20.74 cm/sec
Inlet Fluid Temperature - 55.3 °C
Wall Temperature - 82 °C
At Center Plane Which Is Perpendicular
to the Thickness Direction
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Figure 6.13 Iso-converaion Lines for the Fluid Just
Filled the 3-D Irregularly Shaped Mold by
Decreasing the Width Parameter
Width of the Mold • 10 cm
Inlet Velocity — 20.74 cm/sec
Inlet Fluid Temperature - 55.3 °C
Wall Temperature - 82 °C
At Center Plane Which Is Perpendicular
to the Thickness Direction
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Figure 6.14 The Change of Moving Front at a 3-D
Irregularly Shaped Mold by Decreasing 
the Thickness Parameter 
Thickness of the Mold - 0.1 cm 
Inlet Velocity —20.74 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
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Figure 6.15 Isothermal Linas for tha Fluid Just
Filled tha 3-D Irregularly Shaped Mold by
Decreasing the Thickness Parameter
Thickness of the Mold — 0.1 cm
Inlet Velocity - 20.74 cm/sec
Inlet Fluid Temperature - 55.3 °C
Wall Temperature • 82 °C
At Center Plane Which Is Perpendicular
to the Thickness Direction
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Figure 6.16 Iao-converaion Lines for the Fluid Just
Filled the 3-D Irregularly Shaped Mold by
Decreasing the Thickness Parameter
Thickness of the Mold - 0.1 cm
Inlet Velocity - 20.74 cm/sec
Inlet Fluid Temperature - 55.3 '’C
Wall Temperature • 82 °C
At Center Plane Which Is Perpendicular
to the Thickness Direction
At Dimensionless Time - 1.6
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6.1.5 Effect of Inlet Temperature
In Figure 6.17, the changes of the moving front 
resulting from decreasing the inlet temperature by 10 C are 
indicated. The inlet temperature effect on the iso-
temperature and iso-conversion lines distributions for the 
fluid at the point of a just filled mold are shown in Figure 
6.18 and 6.19. Comparing the moving front shape with that in 
Figure 5.19 shows that a similar profile was obtained. This 
is because the viscosity difference between these two systems 
is small, therefore, the effect on flow pattern is minimal. 
The temperature and conversion profiles are similar in 
distribution but at a lower level due to lower inlet 
temperature.
6.1.6 Effect of Wall Temperature
The result of decreasing the wall temperature 10 C on 
moving front is shown in Figure 6.20 and the effect on iso­
temperature and iso-conversion lines are shown in Figure 6.21 
and 6.22. All three of these have the same tendency as those 
discussed above for decreasing the inlet temperature.
From the results discussed above, it appears that the 
gel time can be decreased by increasing the monomer 
concentration, increasing the inlet fluid temperature or the 
wall mold temperature, decreasing the inlet velocity or even 
changing the dimension of the mold. Also, the behavior of a 










Figure 6.17 Tha Change of Moving Front at a 3-D
Irregularly Shaped Mold by Decreasing 
the Inlet Temperature Parameter 
Inlet Velocity -20.74 cm/sec 
Inlet Fluid Temperature — 45.3 °C 
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Figure 6.18 Isothermal Lines for the Fluid Just
Filled the 3-D Irregularly Shaped Mold by 
Decreasing the Inlet Temperature Parameter 
Inlet Velocity - 20.74 cm/sec 
Inlet Fluid Temperature • 45.3 °C 
Wall Temperature - 82 °C 
At Center Plane Which Is Perpendicular 
to the Thickness Direction 
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Figure 6.19 Iso-conversion Lines for the Fluid Just
Filled the 3-D Irregularly Shaped Mold by 
Decreasing the Inlet Temperature Parameter 
Inlet Velocity - 20.74 cm/sec 
Inlet Fluid Temperature - 45.3 °C 
Hall Temperature - 82 °C 
At Center Plane Which Is Perpendicular 
to the Thickness Direction 










Figure 6.20 The Change of Moving Front at a 3~D irregularly Shaped Mold by Decreasing 
the Wall Temperature Parameter 
inlet Velocity -20.74 cm/sec 
inlet Fluid Temperature - 55.3 c 
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Figure €.21 Isothermal Lines for the Fluid Just
Filled the 3-D Irregularly Shaped Mold by 
Decreasing the Wall Temperature Parameter 
Inlet Velocity - 20.74 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
Wall Temperature - 72 *C 
At Center Plane which Is Perpendicular 
to the Thickness Direction 
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Figure 6.22 Iso-conversion Lines for the Fluid Just
Filled the 3-D Irregularly Shaped Mold by 
Decreasing the Wall Temperature Parameter 
Inlet Velocity - 20.74 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
Wall Temperature ■ 72 8C 
At Center Plane Which Is Perpendicular 
to the Thickness Direction 
At Dimensionless Time - 1.6
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geometries can be predicted as shown in previous figures.
6.1.7 affect of gravity
Gravity is an important consideration in the industrial 
RIM operation, because it can either help or hinder mold 
filling complete. The general approach in this effort is 
designed to allow calculation of the gravity in any 
direction. To illustrate this capability, three cases are 
discussed, each with a different gravitational effect. One 
has the gravity effect acting in the flow direction which is 
the same as shown on Figure 5.19, 5.22, and 5.23. In the
second gravity is acting opposite to the flow direction and 
in third gravity is neglected.
Figure 6.23 and 6.24 (gravity opposite to flow) shows 
the movement of the filling front and the isothermal lines 
for the fluid just at the end of the filling stage. 
Comparing Figure 6.23 with Figure 5.19 (gravity in the flow 
direction), illustrates that an air pocket that forms when 
gravity is in the flow direction, it does not develop when 
gravity is opposite to the flow direction. Therefore, the 
moldability of this z shaped mold should be better for 
upward filling. The presence of an air pocket can be noted 
by observed that isothermal lines for both cases are very 
similar except in the step shape corner region. When an air 
pocket does not develop in the upward filling case the fluid 








Figure €.23 The Change of Moving Front at a 3-D
Irregularly Shaped Mold by Adding Gravity 
Opposite to the Flow Direction 
Inlet Velocity —20.74 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
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Figure 6.24 Isothermal Lines for the Fluid Just Filled 
the 3-D Irregularly Shaped Mold by Adding 
Gravity Opposite to the Flow Direction 
Inlet Velocity * 20.74 cm/sec 
Inlet Fluid Temperature ■ 55.3 °C 
Wall Temperature — 82 °C 
At Center Plane Which Is Perpendicular 
to the Thickness Direction 
At Dimensionless Time — 1.6
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complete mold filling. Since the mold wall is a heat source, 
higher temperature profiles are shown near the wall at the 
step shape corner region for upward filling than for downward 
filling. Because of poor fluid thermal conductivity
properties, the mold wall only influences the material near 
it. For the other region, both of filling cases have same 
profiles.
The next consideration is how the system changes when 
gravity is neglected. Figure 6.25 illustrates how the moving 
front changes when gravity is neglected. The air pocket 
which occurs in downward filling. Figure 5.19, does not 
develop without gravity. However, a new air pocket appeared 
in another position. Thus, different vent positions must be 
applied in each case. Figure 6.26 shows the isothermal lines 
profiles for the fluid when the mold has just filled. The 
profiles are very similar to those for upward and downward 
filling except for the air pocket regions. The reason for 
this is the same as described in the previous paragraph.
A comparison of the predicted temperature for the three 
gravity consideration at two specific locations is shown in 
Figure 6.27. Those non-air pocket locations are indicated by 
an L in Figure 5.18. Temperature at these location have very 
similar profiles. However, gravity does have a significant 
effect on the moving front position which either hinders or 
assists air pocket development. By choosing a proper 












Figure 6.25 The Change of Moving Front at a 3-D
Irregularly Shaped Mold without Gravity 
Inlet Velocity -20.74 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
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Figure 6.26 Isothermal Lines for the Fluid Just
Filed the 3-D Irregularly Shaped Mold
Without Gravity
Inlet Velocity - 20.74 cm/sec
Inlet Fluid Temperature - 55.3 °C
Wall Temperature ■ 82 ®C
At Center Plane Which Is Perpendicular
to the Thickness Direction
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6.27 Sensitivity of Gravity Effect 
Location L6: (18.25cm,5.5cm)*
a : Flow in Straight up Direction 
b : No Gravity
c : Flow in Straight down Direction 
Location L5: {12.75cm,5.5cm)*
a': Flow in Straight up Direction 
b': No Gravity
c' : Flow in Straight down Direction 
* : For a Point Lying on Center Plane, i.e. 
Plane perpendicular to Thickness 
Dimension, See Figure 5.18 for Location
developing defects in the product.
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6.2 Z-shaped Mold with Small Gate
After developing the full gate three dimensional 
program, the case of a small gate in the inlet was 
considered. The shape of the mold is as given in Figure 6.28 
with the gate size equal to the four fifths of the total 
inlet gap. Again, only half of the mold in the thickness 
direction is considered due to the symmetrical characteristic 
in the height direction. The same physical parameters and 
chemical system were used as reported by Castro and Macosko's 
(28) . Use the mold with the dimension as exactly shown in 
Figure 6.28. The boundary and initial conditions are 
supplied as following.
Initial Conditions
t - 0 T - T , U -O r 0, v - o, w - 0, c - C0
Boundary Conditions
y - 0 T - T U “ 0 V  *■ 0 w - 0
y - height T - T U “ 0 V  “ 0 w - 0
x — 0 and 0.6H <y< 0. 9H T - T u — ui* V  — 0 w 0
x - 0 and the other y T - T u - 0 V “ 0 w - 0
Z " 0 T - T u ■» 0 V  “ 0 w - 0
Z " width/2 6T/8z - Au/Az — Av/Az - 0 w 0
for the moving front
x < 0 . 2L T - T U - 0. 6uin V  “ 0 w - 0












Figure 6.26 A 3-D Irregularly Shaped Hold with a Small Gate





for the other x T - T,, , u - 2 . 0 u  v - 0  w - 0
fluid in
The results of the moving front are shown in Figure 
6.29. By comparing this with Figure 5.19, the effect of gate 
size on the moving front can be envisioned. Also, the effect 
of changing gate size on the temperature and conversion 
profiles are shown on Figure 6.30 and 6.31. First, more 
complex temperature and conversion profiles are obtained when 
the fluid just finishes filling the mold because of the gate 
size change caused an air gap to occur. Second, to fill the 
mold a higher velocity, or lower inlet temperature, or lower 
mold wall temperature must be applied. Without these 
changes, the calculation show that the gel point is achieved 
more quickly. Therefore, in order to avoid gel occurring in 
a small gate mold, the velocity must be increased, or the 
temperature of the inlet fluid or wall mold decreased. 
However, if the inlet velocity is too high, the fluid will 
jet into the mold causing defects in the final product. 
Therefore, the gate size is a very important factor in mold 
design.
6.3 Rectangular Mold With Analytical Solution Assumption 
Used In The Vertical Direction 
Considerable computer time is required to run a fully 
three dimensional program for an irregularly shaped mold. 
Therefore, a program which can handle the same problem with 
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Figure 6.29 The Moving Front at a 3-D Irregularly 
Shaped Mold with a Small Gate 
Inlet Velocity 41.48 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
Wall Temperature - 67.0 °C 134
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Figure 6.30 Isothermal Lines for the Fluid Just
Filed the 3-D Irregularly Shaped Mold
With a Small gate
Inlet Velocity - 41.48 cm/sec
Inlet Fluid Temperature - 55.3 °C
Wall Temperature - 67.0 °C
At Center Plane Which Is Perpendicular
to the Thickness Direction
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Figure 6.31 Iso-conversion Lines for the Fluid Just 
Filed the 3-D Irregularly Shaped Mold 
With a Small gate 
Inlet Velocity - 41.48 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
Hall Temperature — 67.0 °C 
At Center Plane Which Is Perpendicular 
to the Thickness Direction 
At Dimensionless Time — 2.43
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would b© attractive. An attempt to develop a compromise 
approach was made. In this approach the velocity in the 
vertical direction was neglected except in the flow front 
region. For the vertical velocity in that region, an 
analytical solution was used (28).
Wf* (f u mdz'-zm) [7 . 26e'5'1'*"1 sin (0.76 +2 ) -2 . 90 *"in
cos (0 .76+2 (1-*;,) ) 1 -z* (1-z*4) [2 .63e 5
sin (2 (l-x/f) ) -1. 05e'5(1'*M>co8 (2 (l-xee*) ) ]
This value is calculated from the axial velocity at the 
front region. Therefore, a two dimensional velocity field is 
applied in a three dimensional grid system to solve the 
temperature and conversion in the three dimension field. The 
program was tested by supplying the same physical and 
dimensional parameters used in the previous rectangularly 
shaped mold. The temperature profile at a given mold 
location is shown in Figure 6.32. Although the result is not 
in quite as good agreement with the experimental results as 
the fully three dimensional model, the computer time is 
reduced by a factor nearly 2. The decreased accuracy is 
because a less accurate velocity field resulted from the 
momentum equation solution technique. The program used to 
solve the momentum equation is plane by plane in the vertical 
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Figure 6.32 Temperature Profile for Using Analytical 
Velocity in the Vertical Direction 
Castro and Macosko Data Exp. 9211
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velocity profile is independent of height position. That is 
the axial velocity is in effect assumed to be a function of 
the axial and width coordinates but not of the height 
coordinate. Therefore, the axial velocity in the vertical 
direction is no longer parabolic profile but instead of flat 
profile. Thus, a smaller velocity is obtained in the center 
of the mold since a constant volumetric flow rate was used. 
This results in enhanced generation which causes the 
gelation.
6.4 Bath Tub Shaped Mold
The application of this calculational process was 
applied to a bath tub shaped mold with the dimension shown in 
Figure 6.33. This mold has large dimensions in various parts 
in all three coordinate directions. Therefore, a fully three 
dimensional approach is needed. Since the wall thickness of 
the product is small compared to the other dimensions and 
high reaction rate occurs, the inlet temperature of the fluid 
or the wall temperature of the mold must be lower or the 
inlet fluid velocity must be higher then those used in the 
former cases in order to avoid pregel by using same chemical 
system. In this case, a much higher velocity is considered 
and a full gate is used in the mold. The boundary and 
initial conditions are inputed as followed.
Initial Conditions
t - 0  T - To, u - 0 ,  v - 0 ,  w - 0 ,  C - C Q
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Figure 6.33 A 3-D Bath Tub Shaped Mold
Inlet Velocity -100.74 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
Wall Temperature - 82 *C
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Boundary Conditions
y - 0 T - T C 1 o < 1 O w - 0
y - height T - T
V
u - 0 V - 0 w - 0
x - 0 T - TO u - u.in v - 0 w - 0
z * width/2 T - TIf u - 0 v - 0 w - 0
z - 0 6T/5z - 6u/6z - 6v/fiz - 0 w -
for the moving front
0.1L < x < 0.9L T ™ T ufluid - 2 . 8uin V  - 0 w - 0
for the other x T — T . ufluid “ — uin v - 0 w - 0
The fluid position changing as a function of time is 
shown in Figure 6.34. The temperature and conversion 
profiles for the fluid upon just finishing the filling stage 
are shown in Figure 6.35 and 6.36. These Figures show how 
these distributions change at different surfaces. The 
reference position of K is labeled as that in Figure 6.28. 
Because of the bigger inlet filling velocity, a flat moving 
front is predicted. Also, because of the small product wall 
thickness the highest temperature occurs in the center of the 
mold. The small wall thickness was probably the reason why 
either a higher velocity, lower inlet temperature, or lower 








Figure 6.34 The Change of Moving Front at a 3-D 
Bath Tub Shaped Mold 
Inlet Velocity -100.74 cm/sec 
Inlet Fluid Temperature - 55.3 °C 
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Figure 6.35 Isothermal Lines for the Fluid Just 
Filled the 3-D Bath Tub Shaped Mold 
Inlet Velocity * 100.74 cm/sec 
Inlet Fluid Temperature — 55.3 °C 
Wall Temperature * 82 °C 
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Figure 6.36 Iso-conversion Lines for the Fluid Just 
Filled the 3-D Bath Tub Shaped Mold 
Inlet Velocity - 100.74 cm/sec 
Inlet Fluid Temperature — 55.3 °C 
Wall Temperature - 82 °C 
At Dimensionless Time - 0.486
Chapter 7
Results and Conclusions
The only available experimental data was published by 
Castro and Macosko (1982). Therefore, the same chemical 
system and parameters used by Castro and Macosko were 
considered in this simulation. Since they used a simple 
rectangularly shaped mold, a two dimensional simulation was 
sufficient in their case. Therefore, a two dimensional 
program was considered first in this effort. The simulation 
results show good agreement with the Castro and Macosko 
experimental results.
Subsequently a three dimensional model was developed in 
this study and the same mold dimension and chemical system as 
that in Castro and Macosko model were applied to test this 
model. The experimental data that Castro and Macosko 
reported were for two different sets of conditions. Once 
again, good agreement was observed from the comparison of the 
simulation results and the experimental data under these two 
different conditions. It indicates the program is working 
properly. It should be noted that no modification of 
parameters or any corrections were used in this model.
The methods developed here indicate that by the end of 
the filling process, the material near the gate has the 
lowest temperature in the entire mold. Furthermore, the 
material near the wall of the mold has a lower temperature
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than that near the center of the mold, because of the poor 
conductivity of the mixture. As a result, the material near 
the center part of the mold will be essentially in an
adiabatic condition. Thus, a peak temperature occurs in that 
position. Other investigations (33,36) have shown similar
results.
A three dimensional model is not necessary for a simple 
rectangularly shaped mold, because the lateral direction 
dimension is large compared to the thickness dimension. 
However, if the shape is irregular in the two large
dimensions, then, a three dimensional model is needed. That
is because of the resultant complex flow pattern that occurs 
in such a mold. Therefore, a more complex shaped mold was 
used to test the capability of the three dimensional program. 
An important consideration was that the fluid is reported (4) 
to have a nearly flat front when the thickness of the mold is 
much less than the other two dimensions. Therefore, a Z 
shaped, fully gated, and very thin thickness mold was 
considered. Also, a flat front profile in the vertical 
direction was assumed. Again, the result shows the method 
can predict the movement of the fluid front as a function of 
time. Because the experimental data are not available for 
this shape of mold, a larger grid size system was also used 
to test the accuracy of the front position prediction. 
Results show that they almost have the same front positions 
for both grid size systems except the size of the air pocket.
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This indicates the accuracy of the model to simulate the 
movement of the fluid. Again, the temperature and conversion 
isopaths can be used to predict the weak points or short shot 
by using numerical iterations.
As the results show, there are several options to 
increase the time to gel and decrease the conversion value of 
the product to avoid a short shot or weak part. This 
includes increasing the inlet fluid velocity, decreasing the 
inlet temperature or wall mold temperature, or changing the 
dimension of the mold. The temperature profiles is 
influenced more by decreasing the inlet temperature 10 degree 
C than by decreasing the wall temperature 10 degree C .
After developing the capability of modeling a fully 
gated mold, the approach was extended to include a small gate 
in the mold. By using the same general procedure, the fluid 
front position, temperature, and conversion can be 
calculated. From the calculated results of temperature and 
conversion, the effect of gate size can be predicted and 
better control of the process and product should result.
A program modified by using an analytically calculated 
vertical velocity for a three dimensional mold was also 
developed in this research. A fairly good agreement 
resulted. This model does not have as much accuracy as the 
result shown in a fully three dimensional model case, 
however, good agreement still results and the computer 
running time is reduced by a factor of nearly 2.
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The most complex mold used in this research is a bath 
tub shaped mold. This mold not only has three large 
dimensions but also has irregularly shaped regions in all 
three directions. This makes the flow phenomena more 
complicated than the other cases. However, this RIM model 
still can predict filling conditions for this complex shaped 
mold.
Results show that a hot spot in the mold can be 
predicted from the iso-temperature paths by using this model. 
Besides, the model shows the capability of the prediction of 
the air entrapment. Due to the ability to predict the 
dynamic filling front in this model, the knit line of the 
part can be predicted,too.
As the demand of the RIM process increases, the use of 
reinforced composite materials will also greatly increase 
simultaneously. This will lead to reinforced reaction 
injection molding. This process not only has the benefits of 
RIM, but it also has the advantage of the reinforced 
materials enhancement of structural properties and low 
thermal expansion coefficient. The model presented here not 
only can be used for the RIM process but also can be used for 
reinforced injection molding by input the solid area which is 
occupied by the fiber into the mold.
Chapter 8
Recommendations
Because of the unsteady state assumption for the energy 
and reaction equations, a previous time step value for a 
control volume must be set up. From the method applied in 
this program, only a regular grid system can be used. 
Therefore, it is difficult to increase the number of control 
volumes due to the limitation of the memory size of the 
computer. Thus, a more appropriate grid system development 
is required in the future design.
The program here needs the calculation area always to be 
rectangular, although the flow front is curved. Therefore, 
an air phase must be added in the front of the liquid. This, 
not only increases the CPU time, but also increases the 
inaccuracy of the front prediction. So, it would be much 
helpful by either using a domain transformation or changing 
the grids system on the boundary to let the calculation area 
be more general in shape.
This program does not operate well in certain 
situations. Divergence could occur if the gate size of the 
mold is less than one third of the length at the inlet 
position and when the filling front must be considered. 




In addition, much more experimental data in various 
shaped molds are needed. If available, the computer 
simulation result could be verified much more confidently. 
Then, it could be linked with the CAD/CAM machine to help the 
mold design.
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: constant for viscosity equation 
: constant for viscosity equation 
: initial concentration 
: heat capacity
: activity energy for the overall reaction 
: conversion 
gravity 
: height of the mold 
: heat of reaction 
; thermal conductivity 
: reaction rate constant 
kinetic rate constant at temperature Tb 
: reaction frequency factor 
: length of the mold 
pressure 




: dimensionless time 
temperature 
adiabatic temperature
temperature on the free boundary of fluid 
: mean temperature 
: inlet temperature 
: wall temperature
dimensionless temperature 
: velocity in the x direction 
inlet fluid velocity 
inlet fluid velocity
dimensionless velocity in the x direction 
: velocity in the y direction 
: dimensionless velocity in the y direction 
: velocity in the z direction 
dimensionless velocity in the z direction 
width of the mold 
: x direction space coordinate 
: filling front 
dimensionless variable in the axial direction 
y direction space coordinate 
z direction space coordinate
Greek Symbols
: viscosity
: constant in viscosity equation 








crG - — -
Gz : Graetz number
„ C7a p Cp , i ■ //w
°*------ E— ( l r  T
Re : Reynolds number
p U.H 
Re= v * 2p






The chemical system and physical parameters used in the 
program are reported by Castro and Macosko (30) . The 
experimental system they used were MDI (molecular weight 
2000), polyether polyol, a 1,4 butane diol chain extender and 
a dibutyltindilaurate (DBTDL) catalyst. The weight ratio of 
polyol, chain extender, and catalyst are 85, 15, and 0.1
percent. The ratio of the feed are 1.67 gram polyol verse 
isocyanate 1 gram. The physical parameters of this system 
are shown as below.
Physical Properties of the System
Property Value
Co (mol/m3) 2600
Cp (J/Kg K) 1880






f. (gel point frac.) 0. 85
E
U
(KJ/mol) 38 . 3
A
O
(Pa s) 4 . 1x10
A 4.0
B -2.0
P (g/cm3) 1 . 0
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The mold used by Castro and Macosko has the dimension 
and operation conditions as shown as below.
Variable Parameters 
The Rectangularly Mold
Exp. 942 Exd. 9211
L (cm) 71.0 50. 5
H (cm) 10.1 10 .1
H (cm) 0.16 0 . 32
(cm/s) 89. 95 10. 37
T* <°C) 52 .5 55 . 3




List the variables which are used in this program. This 
program is partly taken from the instructor's notes of 
ME7 823, Dr. Acharya. The program expands the original two 
dimensional steady state program into a three dimensional 
unsteady state program and also demonstrate a new technic for 
prediction the dynamic filling front position.
A1 : value of the A1 parameter in viscosity equation
ACOF : diffusion conductance
AIM : the coefficient AW
AIP : the coefficient AE
AJM : the coefficient AS
AJP : the coefficient AN
AKM : the coefficient AT
AKP : the coefficient AB
AP : the coefficient AP
APT : the coefficient of unsteady term d/dt
AMU : the fluid viscosity
AMUO constant used in the viscosity equation
AREA : the area of the control volume
ARHO : the product of the area times density
ARX : the control volume's area which is perpendicular
to the x direction
ARXJ ; the part of ARX that overlaps on the control
volume for v(i,j,k)
ARXJP : the part of ARX that overlaps on the control
volume for v(i,j+l,k)
B1 constant used in the viscosity equation
BASE a index for calculation the mass error
CAO : the initial concentration at time — 0
CON the source term Sc
COUNT : index to count for dt
CP : the heat capacity
CUPY : a dimension block which store the index number
and 0 for liquid and air phase 
DENOM : density
DIFF : diffusion conductance
DIR a index for calculation the mass error
DT : time step
DU : velocity correction term in the x direction
DV : velocity correction term in the y direction
DW : velocity correction term in the z direction
DX : distance between two interface in the x
direction
DY : distance between two interface in the y
direction
DZ distance between two interface in the z
direction



























boundary values of temperature
: activity energy for the reaction equation 
: activity energy for the viscosity equation 
dimension block for variables 
: a ratio which equals to the control volume length 
divided the control volume width or height 
: a index for controlling that the fluid fills next 
control volume or not
: temporal storage value for using to calculate 
the flow
: flux through the control volume's surface 
interpolation factor





























index for the position in the x direction 
values used in subroutine Print
the first I value to be print out 
temporal index
index used for predicting the previous time step 
value of the front control volume 
reference point for pressure in the x direction 
the first internal point of I 
IST-1
the number of the iterations 
index for the position in the y direction 
values used in subroutine Print
: the first J value to be print out 
: temporal index
: reference point for pressure in the y direction 
: the first internal point of J 
: JST-1
: index for the position in the z direction 
: values used in subroutine Print
the first K value to be print out 
temporal index
iteration number in the main program 
reference point for pressure in the z direction
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KST : the first internal point of K
KSTF : KST-1
LAST : maximum iteration number
LENGTH : the length of the mold
LPRINT logical command to set up the print order
LSOLVE : logical command to set up the solve order
LSTOP : logical command to set up the stop order
LI : the grid's number in the x direction
L2 : Ll-1
L3 : L2-1
LL2 : the previous time step's Ll-1
LL3 : the previous time step's L2-1




MODE index for different coordinates




N : temporal storage of NF
NF : index of the variables, such as temperature 
pressure, and conversion
NFMAX : maximum NF number
NTIMES the number of repetitions of the sweeps
P : pressure
PC : pressure correction
PREF : the pressure at the reference point
PT : transformed coefficients in the TDMA method
QT
R radius for the cylindrical or spherical
coordinates
REL : 1-RE LAX
RELAX : relax factor for various variables
RGAS : ideal gas constant
RHO : density
RHOCON : the constant density
RHOG : the product of density times gravity
RMN : the local value of radius
SMAX : the maximum mass source value in the pressure
correction equation 
SUM temporal storage for testing velocity
convergence
SUMT temporal storage for testing temperature
convergence
SSUM the total of the mass source value in the


























: temporal storage 
: time t
: title of the output format 
: thermal conductivity
: temporal storage for the previous time step 
value of temperature 
: the wall temperature 
: velocity in the x direction 
: inlet fluid velocity
: temporal storage for the previous time step 
value of velocity 
: velocity in the y direction 
: volume of the control volume 
: velocity in the z direction
a index for determining the movement of the 
fluid front 
: the grid's position in x direction 
: conversion
: conversion at gel point
: the interface's position in the x direction 
: the distance between two interfaces in the x 
direction
: the part of XCV which overlaps u(i,j,fc) control 
volume




















: the width of the staggered control volume for u 
velocity in the x direction 
the distance between two grids in the x 
direction
the constant for the rate equation 
: the length of the calculation domain in the x 
direction
: the grid's position in the y direction 
: the ratio of the height divided by the length 
the interface's position in the y direction 
: the distance between two interfaces in the y 
direction
: the area which equals to YCV times the radius 
: the width of the staggered control volume for v 
velocity in the y direction 
the distance between two grids in the y 
direction
: the grid's position in z direction
the interface's position in the z direction 
: the distance between two interfaces in the z 
direction
: the part of XCV which overlaps w(i,j,k) control 
volume
: the part of XCV which overlaps w(i, j,le+l) 
control volume 




velocity in the z direction 
: the distance between two grids in the z 
direction












THIS PROGRAM IS USED FOR SOLVING PHENOMENA OCCURRING IN 




1 AIP (52,12,7),AIM(52,12,7),AJP(52,12,7) ,AJM<52, 12,7),
2 CON(52,12,7),A P (52,12,7),AKP(52,12,7),AKM(52,12,7),
3 X (52),X U (52),XDIF(52),XCV(52),XCVS(52),















1 U (52, 12, 7, 2)
EQUIVALENCE (F(1,1,1,1,1),U(1,1,1,1)),
2 (F(l,1,1,1,5),T(1,1,1,1))
...........  CMPUTE THE CPU TIME














DO 5 K—2,N2 




GO TO 15 
END IF
C ...............  CALCULATE THE CONVERGENCE ...............
SUMT-SUMT+ABS ( <F (I, J, K, 2, 5) -TTEST(I, J, K) ) /F (I, J, K, 2, 5) ) 






1 SUMT.LT.TR) THEN 
WRITE(6,403) TIME 
403 FORMAT(2X,'TIME - ',E15.3>
DO 42 K-1,N1 




IF (KOUNT.GE.4 9) THEN 
GO TO 35 
END IF

















WRITE(6, 20) BR 
20 FORMAT<5X,'MASS ERROR % ',F7.3)
WRITE(6,10)
DO 130 K—1,N1,3 
WRITE(6,131)K 




WRITE(6,27)1 + 1,J,K,U(I+1,J,K, 2)
27 FORMAT(lX,'U(',12,',',12,',',12,', 2) -',E10.2)








DO 146 11-1,46,5 
IF(KOUNT.EQ.II) THEN 
CALL PRINT 












DO 46 II-l,10000,50 
IF(NN.EQ.II) THEN 
CALL PRINT 







DO 4 3 K—1,N1 





GO TO 3 
ENDIF
DO 8 K-2,N2 
DO 8 J—2,M2 
DO 8 1-2,L2
TTEST(I,J,K)-r(I,J,K,2,5)






CALL CPUTIME(ACCUM B,IRCODE B)
IF(IRCODE A.NE.8.AND.IRCODE B.EQ.O) THEN 
USED TIME-(ACCUM B-ACCUM A)/I0**6/60.























ACOF-DIFF * TEMP * * 5
RETURN
END





1 AIP(52,12,7),AIM(52,12,7),AJP(52,12,7),AJM<52, 12, 7) ,
2 CON(52,12,7),AP(52,12,7),AKP{52,12,7),AKM(52,12,7),
3 X (52),X U (52),XDIF(52),XCV(52),XCVS(52),
4 Y (12),YV (12),YDIF(12),YCV(12),YCVS(12),




COMMON D U (52,12,7),D V (52,12,7),D W (52,12,7),
1 FV(12),FVP(12), F X (52),FXM (52),FY (12),FYM(12),FZ (7),




















DO 999 NT-1,NTF 
N-NF
DO 10 K—KST,N2 
DO 90 J—JST,M2 
P T (ISTF)—0.





1 +AJM (I, J, K)*F(I,J-l,K,2,N)
2 +AKP (I, J,K)*F(I,J,K+1,2,N)+AKM(I,J,K)*F<I,J,K-l,2,N) 
Q T (I) — (TEMP +AIM(I, J, K)*QT(I-1))/DENOM
70 CONTINUE













2 +AKP (I, J,K) *F(I,J, K+l, 2, N) +AKM (I, J, K) *F (I, J, K-l, 2 , N) 
Q T (I)— (TEMP+AIM(I,J,K)*QT(I-1))/DENOM
170 CONTINUE




DO 290 I—1ST,L2 
P T (JSTF)—0.





1 +AIM(I,J,K)*F(1-1, J, K, 2, N)

















2 +AKP(I,J,K)*F(I,J,K+1,2,N)+AKM<I, J, K)*F(I,J, K-l, 2 , N) 
QT <J) — (TEMP+AJM(I,J,K)*QT(J-1))/DENOM
370 CONTINUE
DO 380 JJ—JST,M2 
J-JT1-JJ
380 F(I,J,K,2,N)-F(I,J+1,K,2,N)*PT(J)+QT{J)
3 90 CONTINUE 
10 CONTINUE
DO 20 J-JST,M2 






TEMP-CON(I,J,K) +AJP (I, J, K) *F(I,J+l,K,2,N)
1 +AJM(I,J,K)*F(I,J—1,K,2,N)
2 +AKP(I,J,K)*F(I,J,K+l,2,N)+AKM(I,J, K)*F(I,J,K-1, 2,N) 
Q T (I)— (TEMP+AIM(I,J,K)*QT(1-1))/DENOM
470 CONTINUE













2 +AKP(I,J,K)*F(I,J,K+l,2,N)+AKM(I,J,K)*F(I,J,K-l, 2 , N) 





580 F (I, J,K,2,N)-F(1 + 1,J,K, 2,N)*PT(I)+QT(I) 
590 CONTINUE
DO 690 I-IST,L2 
PT(KSTF)-0.
QT(KSTF)-F(I,J,KSTF,2,N)
DO 67 0 K-KST,N2
DENOM-AP(I,J,K)-PT(K-l)*AKM(I,J,K)
PT(K)-AKP(I,J,K)/DENOM
TEMP-CON (I, J, K) +AIP (I, J, K) *F (1 + 1, J, K, 2 , N)
1 +AIM(I,J,K)*F(1-1,J,K,2,N)
2 +AJP(I, J,K)*F(I,J+l,K,2,N)+AJM(I,J,K)*F <I,J-l,K,2,N) 
QT(K)- (TEMP+AKM(I,J,K)*QT(K-1))/DENOM
670 CONTINUE
















DO 780 KK—KST,N2 
K-KT1-KK
780 F(I,J,K,2,N)—F(X,J,K+l,2,N)*PT<K)+QT(K)
7 90 CONTINUE 
20 CONTINUE
DO 30 I—1ST,L2 






TEMP-CON (I, J, K) +AIP (I, J, K) *F (1 + 1, J, K, 2, N)
1 +AIM(I,J,K)*F(I-1,J,K,2,N)
2 +AKP (I, J,K) *F (I, J, K+l, 2, N) +AKM (I, J, K) *F (I, J, K-l, 2, N) 
QT(J)-(TEMP+AJM(I,J,K)*QT(J-1))/DENOM
870 CONTINUE
DO 880 JJ—JST,M2 
J-JT1-JJ
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TEMP-CON <1,J,K)+AIP{I, J,K)*F(1 + 1,J,K, 2 ,N)
1 +AIM(I,J,K)*F(I—1,J,K,2,N)
2 +AKP <1, J, K) *F (I, J, K+l, 2, N) +AKM < I, J,K) *F (I, J, K-l, 2 , N)
QT(J)-<TEMP+AJM<I,J,K)*QT<J-l))/DENOM
970 CONTINUE















DO 1080 KK—KST,N2 
K—KT1-KK











2 +AJP(I,J,K)*F(I,J+l,K,2,N)+AJM(I,J,K)*F(I,J-l,K, 2,N) 
QT<K)-(TEMP+AKM(I,J,K)*QT(K-1))/DENOM
1170 CONTINUE
























COMMON F (52, 12, 7,2, II),RHO(52,12,7,2),GAM(52,12,7),
1 AIP(52,12,7),AIM<52,12,7) ,AJP(52,12,7),AJM<52,12, 7) ,
2 CON(52,12,7),A P (52,12,7),AKP(52,12,7),AKM(52,12,7),
3 X (52),X U (52),XDIF(52),XCV(52),XCVS(52),
4 Y (12),YV(12),YDIF(12),YCV(12),YCVS(12),
5 Z (7 ) , ZW (7) , ZDIF (7 ) , ZCV (7 ) , ZCVS (7) , ZCVI (7 ) , ZCVIP (7 ) ,
6 YCVR(12),YCVRS(12),ARX(12),ARXJ(12),ARXJP(12),
7 R (12),RMN(12),SX (12),SXMN(12),XCVI(52),XCVIP(52)
8 ,CUPY(52,12,7)
COMMON DU<52,12,7),DV(52,12,7),DW(52,12,7),
1 F V (12),FVP(12),F X (52),FXM<52),F Y (12),FYM(12),FZ(7),












DIMENSION U (52,12,7,2),V(52,12,7,2),N(52,12,7,2) 
DIMENSION P C (52,12,7,2),P(52,12,7,2)
EQUIVALENCE(F(1,1,1,1,1),U(1, 1,1,1)),
1 (F(l,1,1,1,2),V(1,1,1,1))
2 , <F(1,1,1,1,11),P(1,1,1,1)), (F (1,1,1,1,3),PC(1,1,1,1))
3 , (F(1,1,1,1,4),W(1,1,1,1))
1 FORMAT(15X,'COMPUTATION IN CARTESIAN COORDINATES')
2 FORMAT(15X,'COMPUTATION FOR AXISYMMETRIC SITUATION')
3 FORMAT(15X,'COMPUTATION IN POLAR COORDINATES')
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4 FORMAT(14X,40(1H*),//)




















DO 15 1-2,LI 
15 XDIF(I)-X(I)-X(I-l)
DO 18 1-2,L2 
18 XCV(I)-XU(I+1)-XU(I)









DO 35 J—2,M1 
35 YDIF(J)—Y (J)—Y (J—1)














DO 49 K—3,N3 
ZCVI (K) —0 . 5* ZCV (K)
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49 ZCVIP (K)-ZCVI <K)
ZCVIP(2)-ZCV(2)
ZCVI(N2)-ZCV(N2)
IF(MODE.ME.1) GO TO 55 
DO 52 J-l,Ml 
RMN(J)—1.0 
52 R (J)—1.0 
GO TO 56
55 DO 50 J—2,Ml
50 R (J)—R(J-l)+ YDIF{J)
RMN (2)-R(l)
DO 60 J—3,M2 
60 RMN(J)-RMN(J-l)+YCV <J-l)
RMN (Ml ) —R (Ml )
56 CONTINUE
DO 57 J-l,Ml 
SX(J)-1.
SXMN(J)-1.
IF(MODE.NE.3) GO TO 57 
SX (J) —R (J)
IF(J.NE.l) SXMN(J)-RMN(J)
57 CONTINUE
DO 62 J—2, M2 
YCVR(J)-R(J) *YCV(J)
ARX(J)—YCVR(J)












67 DO 66 J-3,M3





FV (J) -ARXJP (J) /ARX (J)























CON,AP,RHO,PC AND P ARRAYS ARE INITIALIZED HERE 
DO 95 L-1,2 
DO 95 K—1,Nl 
DO 95 J-l, Ml 










C* ********** COEFFICIENTS FOR THE U EQUATION ********** 
NF—1
































1FXM(I) *RHO(I-l, J, K, 2) )
FLP-U(1+1,J,K,2)*(FX(1+1)*RHO(I+1,J,K,2)+




104 FLOW-ARX(J)*ZCV(K)*U(L1,J,K,2)*RHO(LI, J, K, 2 )
DIFF-ARX(J) * ZCV(K)*GAM(L1,J,K)/ (XCV(L2)*SX(J))
105 CALL DIFLOW
AIM(1+1,J,K)-ACOF+DMAX1(0.DO,FLOW)
AIP(I,J,K)-AIM(I + 1, J, K)-FLOW 
IF(J .EQ.M2) GO TO 106
FL-XCVI(I)*V(I,J+l,K,2)*(FY(J+l)*RHO(I,J+l,K,2)
1 +FYM(J+l)*RHO(I,J,K,2))




























THE 'AKP,AKM' COEFFICIENTS FOR THE U EQUATION ARE COMPUTED 
HERE.














DO 111 J-2,M2 
DO 112 1—3,L2
FL-XCVI(I)*YCV(J)*W(I,J,K2,2)*RHO(I, J, K1, 2 )
FLM—XCVIP(1-1)*YCV<J)*W(I -1,J,K2, 2) *RHO <1-1,J,K1,2) 
F LOW—R (1) * (FL+FLM)












THE 'AKP,AKM' COEFFICIENTS FOR THE U EQUATION ARE 
COMPUTED IN THIS DO LOOP (115) EXCEPT K-2 OR N2.
DO 115 KI—2,N3 
DO 115 J—2,M2 
DO 115 1-3,L2
FL-XCVI(I)*YCV(J)*W(I,J,KI+1,2)*
1 (FZ(KI+1)*RHO(I,J,KI + 1,2)+FZM(KI + 1)*RHO(I,J,KI,2)) 
FLM-XCVIP(1-1)*YCV(J)*W(I-1,J,KI+1,2)*
1 (FZ (KI + 1) *RHO (1-1, J, KI + 1, 2) +FZM(KI+1) *RHO(I-l, J, KI, 2) ) 
GM—GAM( I, J, KI) *GAM (I, J, KI + 1) / (ZCV (KI) *GAM (I, J, KI + 1) +
1 ZCV(KI+1)* GAM(I,J,KI)+1.0E-30)*XCVI(I)*YCV(J)








DO 116 J—2,M2 
DO 116 1-3,L2
AP(I,J,K)-AP(I,J,K)+(AKM(I,J,K)+AKP(I,J,K))/RELAX(NF) 
CON (I, J, K) —CON (I, J, K) +REL*AP (I, J, K) *U (I, J, K, 2)
CON (I, J, K) -CON (I, J, K) +DU (I, J, K) *
1 (P(1-1, J,K,2)-P(I,J,K,2))





C******* COEFFICIENTS FOR THE V EQUATION *************** 
NF-2






DO 201 K-2,N2 















IF(I .EQ.L2) GO TO 204
FL—ARXJ(J)*U(I+1,J,K,2)*(FX(I+1)*RHO(1+1,J,K,2)
1 +FXM(1 + 1)*RHO (I,J,K,2))
FLM-ARXJP(J-l)*U(I + 1,J-1,K,2)*(FX(I + 1)*RHO(1 + 1,J-l,K, 2) 
1 +FXM(1+1)*RHO(I,J-l,K,2))
GM—GAM(I,J,K)*GAM(I+1,J,K)/ (XCV(I)*GAM(1+1,J,K)+
1 XCV(I+1)*GAM(I,J,K)+ 1 .E-30)*ARXJ(J)






























FLOW—AREA*V <I, Ml,K,2) *RH0 {I, Ml, K, 2)









C APT— (ARXJ(J)*RHO(I, J,K,2)*0.5*(SXT+SXMN(J))+ARXJP(J-l) 




AP (I, J, K) — (-AP (I, J, K) *VOL+AIP (I, J, K) +AIM( I, J, K) +
1AJP (I, J, K) +AJM(I, J, K) ) /RELAX (NF)
D V (I, J, K)—VOL/YCVS(J)
203 CONTINUE
THE fAKP,AKM' COEFFICIENTS FOR THE V EQUATION ARE 
COMPUTED HERE.





























COMPUTED IN THIS DO LOOP (215) EXCEPT K-2 OR N2
DO 215 KI-2,N3 
DO 215 J-3,M2 
DO 215 1-2,L2
FL—XCV(I)*ARXJ(J)*W (I, J,KI+1,2)*
1 (FZ(KI + 1)*RHO(I,J,KI + 1,2)+FZM(KI + 1)*RHO(I,J,KI, 2)) 
FLM-ARXJP(J-l)*XCV(I)*W(I,J-l,KI+1,2)*
1 (FZ (KI + 1) *RHO (I, J—1, KI + 1, 2) +FZM (KI + 1) *RHO (I, J—1, KI, 2 ) ) 










DO 216 J-3,M2 
DO 216 1-2,L2
AP (I, J, K) —AP (I, J, K) + (AKM (I, J, K) +AKP (I, J, K) ) /RELAX (NF) 
VOL-YCVRS (J) *XCV(I) *ZCV(K)
CON(I,J,K)—CON(I,J,K)*VOL+REL*AP(I,J,K)*V(I,J,K, 2)
CON (I, J, K) -CON (I, J, K) +DV (I, J, K) *
1 <P (I, J-l, K, 2) -P (I, J, K, 2 ) )




C************* COEFFICIENTS FOR THE W EQUATION ************ 
NF—4






























IF(J .EQ.M2) GO TO 506
FL-ZCVI(K)*XCV(I)*V(I,J+1,K,2)*
1 (FY(J+l)*RHO(I,J+1,K,2)+FYM(J+l)*RHO(I,J,K,2))
FLM—ZCVIP(K-l)*XCV(I)*V(I,J+l, K-l, 2 ) *















AJM (I,J+l,K)—ACOF + DMAX1(0.DO,FLOW)
AJP(I,J,K)-AJM(I,J+l,K)-FLOW
IF (I .EQ.L2) GO TO 509
FL-ZCVI(K)*YCV(J)*U(I+1,J,K,2)*
1 (FX(1+1)*RHO(I+1,J,K,2)+FXM(1+1)*RHO(I,J,K,2))
FLM—ZCVIP(K-l)*YCV(J)*U(1 + 1, J,K-l,2)*
1 (FX(1+1)*RHO(1+1,J,K-l,2)+FXM(1+1)*RHO(I,J,K-l,2)) 
GM-GAM(I,J,K)*GAM(I+1,J,K)/ (XCV(I)*GAM(1+1,J,K)
1 +XCV(1 + 1)*GAM(I,J,K)+1.0E-30)*ZCVI(K)*YCV (J)
GMM-GAM (I, J, K-l) *GAM<1+1,J,K-l) / (XCV(I) *GAM (1 + 1, J, K-l) 
1 +XCV (1 + 1) +GAM (I, J, K-l) +1. E-30) * ZCVIP (K-l) *YCV(J) 











THE 'AKP,AKM' COEFFICIENTS FOR THE W EQUATION ARE 
COMPUTED HERE.
















DO 510 J-2,M2 
DO 510 1-2,L2
FLOW—ARX (J)*XCV(I)*W (I,J,K1,2)*RHO(I,J,K1,2) 
DIFF-ARX(J)*XCV<I)* GAM(I,J,Kl)/ <ZCV<K2) )
CALL DIFLOW 
IF(K.EQ.3)THEN







THE ' AKP, AKM' COEFFICIENTS FOR THE W EQUATION ARE 
COMPUTED IN THIS DO LOOP (515) EXCEPT K-3 OR N2.
DO 515 Kl—3,N3 
DO 515 J—2,M2 
DO 515 1-2,L2
FL—W (I,J,Kl,2)*(FZ(Kl)*RHO(I,J, Kl, 2)+FZM(Kl)
1*RHO(I,J,KI-1,2))
















A P (I,J,K)-(-AP(I,J,K)*VOL+AIP(I,J,K)+AIM(I,J,K)+ 
1AJP(I, J,K)+AJM(I, J,K)+AKM(I, J,K)+AKP(I, J,K) ) /RELAX (NF) 
CON(I,J,K)—CON(I,J,K)*VOL+REL*AP(I,J,K) Mf(I,J,K, 2)
DW(I,J,K)—VOL/(ZCVS(K))
CON (I, J, K) -CON (I, J, K) +DW (I, J, K) * (P (I, J, K-l, 2)
1 -P (I, J, K, 2) )





C* * * COEFFICIENTS FOR THE PRESSURE CORRECTION EQUATION 
NF-3







DO 4 01 K-2,N2 
DO 410 J—2,M2 







DO 4 75 J—2,M2
ARHO-ARX(J)*ZCV(K) *RHO <1,J,K,2)
CON(2,J,K)-CON<2,J,K)+ARHO*U(2 , J, K, 2)
AIM(2,J, K) —0.
DO 475 1-2,L2
IF(I .EQ.L2) GO TO 476
ARHO-ARX(J)*ZCV(K)* (FX(1 + 1)* RHO(I +1,J,K,2) 
1+FXM(1+1)*RHO(I,J,K,2))
FLOW—ARHO*U<1+1,J,K,2)
CON(I,J,K)-CON<I, J, K)-FLOW 
CON(1+1,J,K)-CON <1 + 1,J,K)+FLOW 
AIP(I,J,K)—ARHO*DU(1+1,J,K)




AIP (I, J, K) —0 .







AJM (I, J+l , K) —AJP (I, J, K)
GO TO 479
4 70 ARHO—RMN (Ml) *XCV(I) *ZCV(K) *RHO(I,Ml,K, 2)









C THE 'AKP,AKM' COEFFICIENTS FOR THE PC EQUATION ARE
C COMPUTED HERE.





















THE 'AKP,AKM' COEFFICIENTS FOR THE PC EQUATION ARE 
COMPUTED IN THIS DO LOOP (490) EXCEPT K-2 OR N2.
DO 490 Kl—2,N3 









DO 4 92 K-2,N2 
DO 4 92 J—2, M2 
DO 4 92 1-2,L2
AP(I,J,K)-AIP(I,J,K)+AIM(I,J,K)+AJP(I,J,K)+AJM(I, J, K) 
1 +AKP (I, J, K) +AKM (I, J, K)
SMAX-DMAX1(SMAX,DABS(CON(I,J,K)))
SSUM—SSUM+CON(I,J, K)
4 92 CONTINUE 
CALL SOLVE
C*********** C(XE HERE TO CORRECT THE VELOCITIES ************
DO 701 K—2,N2 








IF(K.ME.2) W (I, J, K, 2 )- W (I, J, K,2)+DW(I,J,K)
1 * (PC (I, J, K-l, 2 ) -PC (I,J,K, 2))
701 CONTINUE 
700 CONTINUE





IF(.NOT.LSOLVE(NF)) GO TO 600
CALL GAMSOR
REL-1.-RELAX(NF)
DO 601 K-2,N2 
DO 602 1-2,L2 






FLOW—YCV (J) * ZCV (K) *U <2, J, K, 2) *RHO (1, J, K, 2) 
DIFF-YCV(J) * ZCV (K) *GAM(1, J, K) / <XDIF(2) *SX (J) ) 
CALL DIFLOW
AIM (2, J, K)-ACOF+DMAX1 (0. DO, FLOW)
DO 603 1-2,L2
IF(I .EQ.L2) GO TO 604
FLOW—YCV (J) *ZCV(K) *U (1 + 1, J, K, 2 ) *
1 (FX (1 + 1) *RHO (I+1,J,K,2) +FXM(1 + 1) *RHO (I, J, K, 2 ) ) 
DIFF-YCV(J) *ZCV(K) *2 . *GAM (I, J, K) *GAM (1 + 1, J, K)


































AP (I, J, K) -AP (I, J, K) -APT
CON(I, J, K)—CON(I,J,K)+APT*F(I,J,K,1,NF)
A P (I, J, K) — (-AP(I, J, K)*VOL+
1AIP (I, J, K) +AIM (I, J, K) +AJP (I, J, K) +AJM(I, J, K) ) /RELAX (NF) 
603 CONTINUE
THE 'AKP,AKM' COEFFICIENTS FOR THE * EQUATIONS ARE 
COMPUTED HERE.






















THE 'AKP,AKM' COEFFICIENTS FOR THE * EQUATIONS ARE 
COMPUTED HERE.
IN THIS DO LOOP (660) EXCEPT K-2 OR N2.
DO 660 Kl—2,N3 
DO 660 J—2,M2 
DO 660 1-2,L2
FLOW—XCV(I)*YCV(J)*W(I,J,KI+1,2)*











AP (I, J,K) -AP (I, J, K) + (AKM (I, J, K) +AKP (I, J, K) ) /RELAX (NF) 
VOL-YCVR(J)*XCV(I)* ZCV(K)











1 AIP (52,12,7),AIM(52,12,7),AJP(52,12,7) , AJM (52, 12,7),
2 CON (52, 12, 7) , AP (52, 12, 7) , AKP (52, 12, 7) , AKM (52, 12,7),
3 X (52) , XU (52) , XDIF (52) ,XCV(52) , XCVS (52) ,
4 Y (12),YV(12),YDIF(12),YCV (12),YCVS(12),




COMMON DU <52,12,7),D V <52,12,7),DW(52,12,7),










DIMENSION U(52,12,7,2),V(52,12,7,2),W(52, 12, 7, 2) 
DIMENSION PC <52,12,7,2),P <52,12,7,2)
EQUIVALENCE (F<1,1,1,1,1),U<1,1,1,1)),
1 (F(l,1,1,1,2),V(1,1,1,1))
2 , (F(1,1,1,1,11),P(1,1,1,1)), <F<1,1,1,1,3),PC(1,1,1,1)}
3 , (F(l,1,1,1,4),W(l,1,1,1))
10 FORMAT(IX,26(1H*),3X,A8,5X,26(1H*)) 





























3 ZW(K)—ZW(K-l) +DZ 
RETURN
.......... SETUP PRINTOUT FORMAT ....................
ENTRY PRINT
IF(.NOT.LPRINT(NP)) GO TO 90
C   CONSTRUCT BOUNDARY PRESSURES BY EXTRAPOLATION ......
DO 91 K—2,N2 
DO 91 J—2,M2










DO 94 J—2, M2 






P (LI, 1,1, 2)-P (L2, 1, 1, 2) +P (LI, 2, 1, 2)-P (L2, 2,1,2)
P (1,Ml,1,2) —P (2,Ml,1,2) +P (1,M2,1,2)-P(2,M2,1,2)
P <L1,M1, 1,2)-P(L2,M1, 1, 2)+P (L1,M2,1,2) -P (L2,M2,1, 2)
P (1,1,N1, 2)-P (2, 1,N1,2) +P (1, 2,N1, 2)-P (2, 2,N1, 2)
P (LI, 1,M1, 2)-P(L2,1,N1, 2)+P (LI, 2, Ml, 2) -P (L2,2,N1, 2)
P (1,M1,N1, 2)-P(2,Ml,Nl, 2)+P (1,M2,N1,2) -P (2,M2,N1, 2)
P (LI,Ml, N1, 2) —P (L2,M1,N1,2)+P (L1,M2,N1, 2)-P (L2,M2,Nl, 2) 
PREF-P(IPREF,JPREF,KPREF,2)
DO 93 K—1,N1 
















303 GO TO 301
310 JEND-0 
PRINT 50

















GO TO 321 
330 CONTINUE
DO 999 NF—1,NGAM









DO 116 K—2,N2,2 
IBEG—IFST-7 
WRITE(6, 118)













DO 115 JJ—JFST,Ml 
J-JFL-JJ
PRINT 40, J, (F(I,J,K,2,NF),I-IBEG,IEND)
115 CONTINUE
















2 CON(52,12,7),A P (52,12,7),AKP(52,12,7),AKM(52,12,7),
3 X (52),X U (52),XDIF(52),XCV(52),XCVS(52),
4 Y (12 ),Y V (12),YDIF(12),YCV(12),YCVS(12),
5 Z (7),ZW(7),ZDIF(7),ZCV(7),ZCVS(7),ZCVI(7),ZCVIP(7),
6 YCVR(12),YCVRS(12),A RX(12),ARXJ(12),ARXJP(12) ,
7 R (12),RMN(12) , SX<12),SXMN(12),XCVI(52),XCVIP(52)
8 ,CUPY(52,12,7)
COMMON D U (52,12,7),DV(52,12,7),DW(52,12,7),
1 FV(12),FVP(12),F X (52),FXM(52),FY(12),FYM(12),FZ (7),













1 T (52,12, 7, 2)














DIMENSION TH (12) , THU (12) , THDIF (12) ,THCV(12) ,THCVS(12) 
EQUIVALENCE <X,TH),(XU,THU),(XDIF,THDIF), (XCV,THCV)
1 , (XCVS,THCVS), (XL,THL)









































DO 71 K—1,N1 
DO 71 J—1,Ml 
DO 61 I—L2,2,-1 
IF(CUPY(I, J, K) .EQ.1) THEN 
IF(I.GE.VAR) THEN 





























DO 180 K—1,N1 
DO 180 J—1,Ml 
DO 180 I—1,LI 
CUPY(I,J,K)-1.
CONTINUE 
DO 280 K—1,N1 
DO 280 J-1,11 
DO 280 1-1,11 
CUPY{I,J,K)—0.
CONTINUE 
DO 380 K—1,N1 
DO 380 J—12, 22 







************* INITINAL CONDATIONS ********** 
ENTRY START 
IF(KOUNT.EQ .1)THEN 
DO 710 L-1,2 
DO 710 K-l,Ml 





T (I, J, K, L) —0 .
XC(I,J,K,L)—1.D—40 
DO 160 L-1,2 
DO 160 K—1, N1 
DO 160 J—12,Ml 
DO 160 I—1,LI
U(I, J,K,L)-1.0 
T(I,J,K,L) —0. 0 
RETURN 
END IF
PROGRAM COMES HERE AFTER THE FIRST ITERATION 
DO 802 M—1,NF 
DO 802 K—1,N1
199
DO 802 J-1,M1 
DO 802 1-1,LI
F(I, J, K, 1,M)-F(I,J,K,2,M)
802 CONTINUE
IF(KOUNT.GT.48) THEN 
DO 771 L-l,2 
DO 771 K-1,N1 
DO 771 J-1,M1 



















C**************** INPUT DENSITY ***** 
ENTRY DENSE 
DO 250 K—1,N1 
DO 2 50 J—1,Ml 
DO 250 I—1,LI
RHO(I,J,K,2) - RHOCON 
250 CONTINUE 
RETURN
0**************** BOUNDARY CONDITIONS 
ENTRY BOUND 
IF(KOUNT.GT.48) THEN 
DO 25 L-1,2 
DO 25 K—1,N1 


























DO 312 K—1,N1 
DO 312 J—1,Ml
DTH— (XC(L2,J,K,2)-XC(L3,J,K,2))/(X(L2)-X(L3)> 
XC(L1,J,K,2)—X C (L2, J, K, 2 )+ DTH*(X{LI)-X(L2))
T (LI, J, K, 2) - (TW-TA) /TAD 
CONTINUE 
DO 32 K—1,N1 
DO 32 J—1,Ml
DT1-(XC(3,J,K,2)-XC(2,J,K, 2 ) ) / (X (3) -X (2 ) )
XC(1,J,K,2)-XC(2,J,K,2)-DTI*(X(2)-X(l))
T (1, J, K, 2) - (TW-TA) /TAD 
DO 341 K—1,N1 
DO 341 I—1,LI
T (I, Ml, K, 2) - (TW-TA) /TAD
DTX2- (XC (I, M2, K, 2) -XC (I, M3, K, 2) ) / (Y (M2) -Y (M3) ) 
XC (I, Ml, K, 2 ) —XC (I, M2 , K , 2)+DTX2* (Y(M1)-Y(M2) ) 
CONTINUE 
DO 31 K—1,N1 
DO 31 I—1,LI
T (1,1,K,2)-(TW-TA)/TAD
DTX3— (XC(I,3,K,2)-XC(I,2,K,2))/(Y(3)-Y (2) )
XC(I,1,K,2)—X C (I,2,K,2)-DTX3*(Y(2)-Y(l))
DO 911 J—1,Ml 
DO 911 I—1,LI
T (I,J,1,2)-(TW-TA)/TAD
DTX3— (XC(I,J,3,2)-XC(I,J,2,2))/(Z (3)-2(2) >
XC(I,J,1,2)-XC(I,J,2,2)-DTX3*(Z(2)-2(1))




GO TO 36 
END IF
IF(KOUNT.LE.10) THEN 
DO 75 K—1,N1 
DO 75 J—1,Ml
U (LI, J, K, 2) —1. 0 
V (LI, J, K, 2) —0 .
W(L1,J,K,2)-0.
DO 1075 I—LI,2,-1
IF(CUPY <I,J,K) .EQ.1) THEN
T(L1,J,K,2)-T(I, J,K, 1)



















GO TO 66 
END IF
IF(KOUNT.GE.39) THEN 







T(L1,J,K,2) —T {I, J, K, 1)






DO 675 K—1,N1 
DO 675 J—12,Ml 
U (LI, J, K, 2) -0 . 0 
CONTINUE 
GO TO 66 
END IF
DO 275 K—1,N1 
DO 275 J-l,Ml
U (LI, J, K, 2 ) —0 . 5 
V (LI, J, K, 2 ) —0 .
W (LI, J, K, 2) —0 .
DO 3075 I—LI,2,-1 
IF(CUPY(I,J,K).EQ.l) THEN 
T(LI,J,K,2)—T(I,J,K, 1)







DO 111 K—1,N1 
DO 111 J-l,Ml











U(2, J, K, 2)-l . 0 
T(1,J,K,2) “0. 0 
112 CONTINUE
DO 809 J-l,Ml 
DO 809 I—1,LI
U (I, J,1,2)-0.
V (I, J, 1, 2) —0 .
W(I,J,2,2)-0.
DTX3— (XC(I, J,3,2)-XC (I, J, 2, 2) ) / (Z(3)-Z (2)>
X C (I, J, 1, 2)-XC{I, J,2,2)-DTX3* (2 (2)-Z (1))
T(I,J,1,2)-(TW-TA)/TAD 
80 9 CONTINUE
DO 801 K—1,N1 






801 XC(I,1,K,2)-XC(I,2,K,2)-DTX3* <Y (2) -Y (1) )
DO 301 K—1,N1 
DO 301 I—1,LI
U (I, Ml, K, 2 ) —0 .
V (I, Ml, K, 2) —0 .
W (I, Ml, K, 2) —0 .
T (I, Ml, K, 2) -(TW-TA) /TAD
DTX2— (XC (I, M2 , K, 2) -XC (I,M3,K, 2) ) / (Y (M2 ) -Y (M3) ) 
X C (I,Ml,K,2)—X C (I,M2,K,2)+DTX2 * (Y(M1)-Y(M2)) 
301 CONTINUE





T (I, J, N1, 2) —T (I, J, N2 , 2 )





CHECK TO SEE IF THE GEL POINT HAS BEEN REACHED 
IF(KOUNT.GT.48) THEN 
DO 1507 K-1,N1 
DO 1507 J-l,Ml 
DO 1507 I—1,LI
IF(XC(I,J,K,2).GT.(1.-0.01)) THEN 
CALL CPUTIME(ACCUM B,IRCODE B)
IF(IRCODE A.NE.8.AND.IRCODE B.EQ.0) THEN 
USED TIME— (ACCUM B-ACCUM A)/10**6/60.







GO TO 530 
END IF 
1507 CONTINUE
GO TO 530 
END IF
DO 507 K-1,N1 
DO 507 J-l,Ml 
DO 507 I—1,LI
IF(XC(I,J,K,2).GT.(XCG-0.01)) THEN 
CALL CPUTIME(ACCUM B,IRCODE B)
IF(IRCODE A.NE.8.AND.IRCODE B.EQ.0) THEN 
USED TIME-(ACCUM B-ACCUM A)/10**6/60.




PRINT*,' THE REACTION HAS REACHED THE GEL POINT 












C ........PARAMETERS FOR THE VELOCITY EQUATIONS .............
IF(NF.EQ.1 .OR.NF.EQ.2.OR.NF.EQ.4) THEN 
DO 500 K - 1, N1
DO 500 J - 1, Ml
DO 500 I - 1,L1
IF(CUPY(I,J,K).EQ.0)THEN
AMU(I,J,K,2)—AMUO * DEXP(EMU/RGAS/TA)
GO TO 407 
END IF















C . . .
533
502
GO TO 477 
ENDIF





DO 558 K-1,N1 
DO 558 J-l,Ml 
DO 558 I-1,L1
GAM(I,J,K) - AMU(I,J,K,2)/RHOCON/UIN/LENGTH 





CON(I, J, K) - 0.




AP (I, J,K)-0. 0 
CONTINUE 
ENDIF
 PARAMETERS FOR THE TEMPERATURE EQUATION.....
IF (NF.EQ.5) THEN 
DO 502 K—1,N1 





GO TO 533 
ENDIF
IF (I.GE.42.AND.J .GE .12) THEN
GAM (I, J, It) —GAM (I, J, K) *100000.






GAM (I,J,N1) - 0.
CONTINUE 
DO 505 K-2,N2 
DO 505 J—2, M2 
DO 505 1-2,L2







IF(VIS.GT. 1. E + 08) VIS-0.
XK-XKO*DEXP(-E/RGAS/ (TA+T(I,J,K,2)* TAD) )
DUDY(I,J,K,2)-<(U(I,J+1,K,2)+U(1 + 1,J+l,K,2))/
1 2-(U(I,J-l,K,2)+
2 U(I + 1, J-1,K,2))/2)/ (YCVS(J)+YCVS(J+l))
DUD2(I,J,K,2)-(<U(I,J,K+1,2)+U(I+1,J,K+1,2))/
1 2 - (U (I, J,K-1,2)+
2 U (1 + 1,J,K-1,2))/2)/ (ZCVS(K)+ZCVS(K+l))
DVDX(I,J,K,2)-((V(I + 1, J,K,2)+V <1 + 1, J+l, K, 2))
1 /2-(V(1-1,J, K,2)+
2 V(I-1,J+1,K,2))/2)/ (XCVS(I)+XCVS<I+1))


















C .....  PARAMETER FOR THE CONCENTRATION EQUATION ..........
IF(NF.EQ.6) THEN 
DO 503 K-1,N1 
DO 503 J-l,Ml 
DO 503 I—1,LI 
GAM(I,J,K)-0.
503 CONTINUE
DO 506 K—2,N2 
DO 506 J—2,M2 
















IF(ITER.EQ. LAST) THEN 
WRITE(6,403) TIME 
4 03 FORMAT(2X,'TIME - ',E15.3)
DO 42 K-1,N1 




IF(KOUNT.GE.4 9) THEN 
GO TO 35 
ENDIF





GO TO 812 
ENDIF
IF(KOUNT.GE.3 9) THEN 
DIR-40.-DD 








20 FORMAT<5X,'MASS ERROR % ',F7.3)
WRITE(6,10)
DO 130 K—2,N2 
WRITE(6, 131)K 


























IF(KOUNT.EQ.4 9) THEN 
CALL PRINT 
ENDIF 




DO 46 11-1,10000,20 
IF(NN.EQ.II) THEN 
CALL PRINT 






DO 43 K—1,N1 
















1 A I P (52,22,7),AIM(52,22,7),AJP(52,22,7),AJM(52,22,7),
2 CON(52,22,7),A P (52,22,7),AKP(52,22,7),AKM(52,22, 7) ,
3 X (52),XU (52),XDIF(52),XCV(52) , XCVS(52) ,
4 Y (22),YV<22>,YDIF(22),YCV(22),YCVS(22) ,
5 Z (7),ZW(7),ZDIF(7),ZCV(7),ZCVS(7),ZCVI(7),ZCVIP(7),
6 YCVR(22) , YCVRS<22),ARX(22),ARXJ(22),ARXJP(22),
7 R (22),RMN(22),SX(22),SXMN(22),XCVI(52),XCVIP(52)
8 ,CUPY(52,22,7)
COMMON DU(52,22,7),D V (52,22,7),D W (52,22,7),F V (22),
1 FVP(22),FX(52),FXM(52),F Y (22),FYM(22) , FZ (7) ,







4 LI, L2, L3, Ml, M2, M3, N1, N2, N3,
5 1ST,JST,KST,ITER,LAST,IPREF,
6 JPREF,KPREF,LSOLVE <13),LPRINT <13),MODE,NTIMES <13) 
DIMENSION U (52,22, 7,2),V(52,22,7,2),W(52, 22, 7, 2) 
DIMENSION T <52,22,7,2),X C <52,22,7,2)
DIMENSION TEMP <52,22, 7,2),INDX(52,22,7)
EQUIVALENCE <F(1,1,1,1,1),U<1,1,1,1)),
1 <F<1,1,1,1,2),V<1,1,1,1))
2 , (F<1,1,1,1,5),T<1,1,1,1)), (F<1,1,1,1,6),







DO 15 K-1,N1 
DO 15 J-l, Ml 
DO 15 I—1,LI 
CUPY <I,J,K)—0.
15 CONTINUE
DO 10 K—1,N1 
DO 10 J—12,Ml 
DO 10 I—1,LL3 
CUP Y(I,J,K)—1.
10 CONTINUE
GO TO 70 
ENDIF
DO 12 L-1,2 
DO 12 K-l,HI 
DO 12 J-l,Ml 
DO 12 I—1,LI
TEMP <I, J,K,L)—CUPY <I,J,K)
12 CONTINUE






DIS-BASE-U(1 + 1, J, K, 2)
IF <D1S.LT.0)THEN
BASE—U(I + 1,J,K, 2)
ENDIF 





C .......... MOVEMENT IN THE X DIRECTION ................
2 0 9
DO 40 J-l,Ml 
DO 40 K—1,N1 














DO 940 J-l,Ml 
DO 940 K—1,N1 
DO 925 I—1,LL2 
IF(CUPY(I,J,K).EQ.1) THEN 
WX-0.-U(I,J,K,2)/BASE-0,5 




XC (1-1, J, K, 2) -XC (I, J, K, 2)






C ............. MOVEMENT IN THE Z DIRECTION
DO 52 J-l,Ml 
DO 52 I—1,LL2 
DO 50 K-NN2,1,-1 
IF(J.LE.11.AND.I.LE.11) THEN 
TEMP (I, J, K, 2) —0 .




GO TO 51 
ENDIF
















IF <INDX(I,J,K+l) .EQ .1) THEN 
T(I,J,K+1,2)-T<I,J,K,2)
XC <I,J,K+l,2)-XC <I,J,K,2)
GO TO 44 
ENDIF












GO TO 144 
ENDIF
T (I,J,K+II,2) — (T{I,J,K,2)+T(I, J,K+II,2))*0.5 
















DO 152 J-l,Ml 




GO TO 151 
ENDIF
IF(J.GE.12.AND.I.GE.42) THEN 
TEMP (I, J, K, 2 ) —0 .












T (I,J,K-l,2)—T (I,J,K, 2)
XC(I,J,K-1,2)-XC(I,J,K,2)
GO TO 244 
ENDIF
T (I,J,K-l,2)-(T(I,J,K,2)+T(I,J,K-1,2))*0.5 









T (I, J, K-I 1, 2) —T (I, J, K, 2)
XC(I,J,K-II,2)-XC(I,J,K,2)









GO TO 147 
ENDIF
GO TO 14 5
ENDIF 






C ..................MOVEMENT IN THE Y DIRECTION...............
DO 352 K—1,N1 
DO 352 I—1,LL2 
DO 350 J—MM2,1,-1 
IF(J .LE.11.AND.I .LE.11) THEN 
TEMP(I,J,K,2)-0.
GO TO 251 
ENDIF
IF(J .GE.12.AND.I .GE.42) THEN 
TEMP (I, J, K, 2) —0 .



















XC (I, J+l, K, 2) -XC (I, J, K, 2)
GO TO 44 4 
END IF
IF(INDX(I,J+l,K).EQ.2) THEN 
T(I,J+1,K,2) — (T(I,J,K,2)+T(I, J+l,K,2))*0.5 
XC(I,J+1,K,2) — (XC(I, J, K,2)+XC(I,J+l,K, 2) )*0.5 
GO TO 444 
END IF
T(I,J+1,K,2)— (T(I,J,K,2) +T (I, J+l,K, 2) *2 . ) / 3. 









T (I,J+II,K,2)—T(I, J, K, 2)
XC(I,J+II,K,2)—XC(I,J,K, 2)
GO TO 544 
END IF
IF(INDX(I,J+II,K).EQ.2) THEN 
T (I, J+II, K, 2)— (T(I,J, K,2)+T(I,J+II,K,2))*0.5 
XC(I,J+II,K,2)-(XC(I,J,K,2)+XC(I,J+II,K,2))*0.5 
GO TO 544 
ENDIF
T(I, J+II, K, 2) — (T(I,J,K,2)+T(I# J+II, K, 2)*2.)/3. 





















DO 752 K-1,N1 








GO TO 351 
ENDIF
IF(CUPY <I,J,K) .EQ.1) THEN 
FACTOR-(Ml-2.)/YL/50.









GO TO 544 
ENDIF
IF(INDX(I,J-l,K).EQ.2) THEN 
T (I,J-l,K,2)— (T(I,J,K,2)+T(I, J-l, K, 2))*0. 5 
XC (I, J-l, K,2) — (XC (I, J, K, 2) +XC (I, J-l, K, 2) ) *0 . 5 
GO TO 644 
ENDIF







TEMP (I, J-II, K, 2) — 1 
INDX(I,J-II,K)—INDX(I, J-II,K)+1 
IF(INDX(I,J-II,K).EQ .1) THEN 
T (I, J-II, K, 2)—T (I, J, K, 2)
XC(I,J-II,K,2)-XC(I,J,K,2)




XC(I,J-II,K,2)-(XC(I,J,K,2)+XC(I, J-II,K, 2))*0.5 
GO TO 744 
ENDIF


















DO 58 J—2,MM2 
DO 55 1-2,LL2 






















IF(J .EQ.12.AND.I .LE.11) THEN 
FILL2-1 
ENDIF
IF(I .GE.4 2.AND.J .EQ.11) THEN 
FILL2-1 
ENDIF











IF(TEMP <I, J+l,K,2) .EQ.1) THEN 
FILL2-FILL2+1 
ENDIF
IF(TEMP(I,J-l, K, 2) .EQ.1) THEN 
FILL2-FILL2+1 
ENDIF








TEMP <1, J, K,2)-1.
T(I,J,K,2)— (T(I—1,J,K,2)+T(I+1,J,K,2))*0.5 
XC (I, J, K, 2 ) - {XC (1-1, J, K, 2) +XC (1+1,J,K,2) ) *0. 5 
ENDIF
IF(FILL2.EQ.2) THEN 
TEMP (I, J, K, 2) -1 .





T(I,J,K,2) — (T(I,J,K-l,2)+T(I, J,K+l,2))*0.5 
XC(I,J,K,2)-<XC(I,J,K-1,2)+XC(I,J,K+1, 2))*0.5 
ENDIF
IP(TEMP(I, J,NN2, 2).EQ.l) THEN 





DO 60 K-I,N1 
DO 60 J-l,Ml 
DO 60 I—1,LI
CUPY (I, J, K) -TEMP <1, J, K, 2)
60 CONTINUE 
170 COUNT—0.
DO 65 K—2,NN2 
DO 65 J-2,MM2 
DO 65 1-2,LL2
COUNT—COUNT+ (TEMP (I, J, K, 2 ) -TEMP (I, J, K, 1) )
65 CONTINUE
DO 68 K—1,N1 








CUPY (I, Ml, K) -CUPY (I, MM2 , K) 
CUPY(1,1,K)-CUPY <1,2,K)
68 CONTINUE
DO 78 K—1, N1 
DO 78 J-l,Ml 











1 AIP(52,22, 7),AIM(52, 22, 7),AJP(52,22, 7) , AJM (52 , 22 , 7) ,
2 CON(52,22,7),AP(52,22,7),AKP(52,22,7),ARM(52,22,7),
3 X (52),X U (52),XDIF(52),XCV(52),XCVS(52),
4 Y (22),YV(22),YDIF(22),YCV(22),YCVS(22),
5 Z (7) , ZW (7) , ZDIF (7) , ZCV (7) , ZCVS (7) , ZCVI (7) , ZCVIP (7) ,
6 YCVR(22),YCVRS(22),A RX(22),ARXJ(22),ARXJP(22),
7 R (22),RMN (22),SX(22),SXMN(22),XCVI(52) ,XCVIP(52)
8 ,CUPY(52,22,7)
COMMON D U (52,22,7),DV(52,22,7),DW(52,22,7),FV(22),
1 FVP(22),FX (52),FXM(52),FY(22),FYM(22) ,FZ(7) ,










6 F O R M A T ( I X , 5111)
16 FORMAT(IX,'XXXXXXXXXXX',4111)
18 FORMAT (IX, 'XXXXXXXXXXX' )
7 FORMAT(/)
8 FORMAT(2X, ' K - ',13)
AA-8./5.
IF(TIME.LE.AA)THEN 










DO 30 J-l1,2,-1 
WRITE(6,18)
30 CONTINUE















C ..... BLOCK DATA PROGRAM FOR PARAMETER I N P U T ..............
BLOCK DATA DEFAULT
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
COMMON/INDX/TITLE(13),
1 RELAX (13),TIME,DT,XL,YL,ZL,TAD,COUNT,
2 RHOCON, TA, TW, UIN, A1, B1, AMUO,
7 CAO,CP,E,EMU,HR,RGAS,TK,XCG,XKO,LENGTH,
3 NF,NFMAX,NF,NRHO,NGAM,KOUNT,










DATA TITLE(1),TITLE(2),TITLE(11)/6H U/UIN,6H V/UIN,
1 5H PRES/
DATA TITLE(5),TITLE(6)/5H TEMP, 5H CONF/
DATA TITLE(3),TITLE<4)/5HST FN,6H W/UIN/
DATA TITLE(7),TITLE(8),TITLE(9)/5H VISC, 5H DUDY,
2 5H DWDY/
DATA LSOLVE (1) , LSOLVE (2) , LSOLVE (3) , LSOLVE (11) /4* . TRUE . / 
DATA LSOLVE (5) , LSOLVE (6) , LSOLVE (4)/2*.TRUE. , .TRUE. / 
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